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The male gametophyte of the semi-aquatic fern, Marsilea vestita, produces 
multiciliated spermatozoids in a rapid developmental sequence that is controlled post-
transcriptionally when dry microspores are placed in water. Development can be 
divided into two phases, mitosis and differentiation. During the mitotic phase, a series 
of nine successive division cycles produce 7 sterile cells and 32 spermatids in 4.5-5 
hours. During the next 5-6 hours, each spermatid differentiates into a corkscrew-
shaped motile spermatozoid with ~140 cilia. This document focuses on the role of 
motor proteins in the regulation of male gametophyte development and during 
ciliogenesis. In order to study the mechanisms that regulate spermatogenesis, 
RNAseq was used to generate a reference transcriptome that allowed us to assess the 
abundance of transcripts at different stages of development. Over 120 kinesin-like 
sequences were identified in the transcriptome that represent 56 unique kinesin 
  
transcripts. Members of the kinesin-2, -4, -5, -7, -8, -9, -12, -13, and -14 families, in 
addition to several plant specific and ‘orphan’ kinesins are present. Most (91%) of 
these kinesin transcripts change in abundance throughout gametophyte development, 
with 52% of kinesin mRNAs enriched during the mitotic phase and 39% enriched 
during differentiation. Functional analyses show that the temporal regulation of 
kinesin transcripts during gametogenesis directly correlates with kinesin protein 
function. Specifically, Marsilea makes one kinesin-2 (MvKinesin-2) and two kinesin-
9 (MvKinesin-9A and MvKinesin-9B) transcripts, which are present during spermatid 
differentiation and ciliogenesis. Silencing experiments showed that MvKinesin-2 and 
MvKinesin-9A are required for ciliogenesis and motility in the Marsilea male 
gametophyte; however, these kinesins display atypical roles during these processes. 
In contrast, spermatozoids produced after the silencing of MvKinesin-9B exhibit 
normal morphology. MvKinesin-2 is necessary for cytokinesis as well as for 
regulating ciliary length and MvKinesin-9A is needed for the correct orientation of 
basal bodies, events not typically associated with these proteins. In addition, Marsilea 
makes motile, ciliated gametophytes without the help of IFT dynein, outer arm 
dynein, or the BBsome. These results are the first to investigate the kinesin-linked 











KINESIN MOTOR PROTEINS ARE ESSENTIAL FOR MALE GAMETOPHYTE 













Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, College Park, in partial fulfillment 
of the requirements for the degree of 














Professor Stephen M. Wolniak, Chair 
Professor Kan Cao 
Professor Todd Cooke 
Professor Antony M. Jose 

















© Copyright by 


















This dissertation is dedicated to my family. To my parents for their endless 
love and understanding, my sister for forever being my best friend and ultimate 
advisor, and my husband for his constant support and encouragement throughout this 
process. I would especially like to dedicate the writing of this dissertation to my 
mother, without her enormous strength and courage these past months the writing of 





I would like to acknowledge my advisor, Dr. Stephen Wolniak. I thank him 
for encouraging me to continue with my PhD four years ago and for his continual 
support and guidance. I would also like to acknowledge Dr. Corine Van der Weele. 
Her years of experience provided me with invaluable insights and her discussions of 
my research were extremely helpful. I want to extend a special thanks to Alisha 
Barnes for teaching me how to navigate a new lab, providing a listening ear, and 
above all, entertaining me during incubations. To Richard Zipper, thank you for 
getting up at 4am and helping me start long incubations. I am forever thankful for 
your enjoyment of mornings, excel spreadsheets, and cameras. Thanks to all current 
and former inhabitants of the Wolniak lab and all that you have done for my work.  
I would also like to acknowledge my committee members, Dr. Kan Cao, Dr. 
Todd Cooke, Dr. Antony Jose, and Dr. Lisa Taneyhill. Your helpful comments and 
advice have made me a better researcher and I’m thankful for the challenges you have 
given me. I also thank Dr. Steve Mount for first encouraging me to make 
phylogenetic trees, and then teaching me the best way to construct them. I would like 
to acknowledge the National Science Foundation for providing the funding for this 
research and for their continual support of basic science. Finally, thank you to all the 
friends I’ve meet during my graduate studies. We’ve helped each other greatly 




Table of Contents 
Dedication .................................................................................................................... ii 
Acknowledgements .................................................................................................... iii 
List of Tables ............................................................................................................. vii 
List of Figures ........................................................................................................... viii 
List of Abbreviations .................................................................................................. x 
 
Chapter 1: Introduction ............................................................................................. 1 
Marsilea vestita ......................................................................................................... 1 
Male Gametophyte Development in Marsilea .......................................................... 2 
Mitotic divisions ................................................................................................... 3 
Differentiation and ciliogenesis ............................................................................ 5 
Gametophyte development is regulated post-transcriptionally............................. 8 
Marsilea vestita as an Experimental Model for Rapid Development ....................... 8 
Transcriptome assembly and analysis ................................................................. 11 
Spatial organization and rapid development ....................................................... 13 
Kinesin Motor Proteins in Plants ............................................................................ 16 
Plant cell division and mitotic kinesins .............................................................. 23 
Plant kinesins function in intracellular transport and microtubule organization 34 
Kinesins and ciliogenesis .................................................................................... 38 
The Purpose and Significance of this Dissertation ................................................. 42 
 
Chapter 2: Identification of 56 Kinesin-like Transcripts Present During Male 
Gametophyte Development in Marsilea vestita....................................................... 44 
Introduction ............................................................................................................. 44 
Plant cells contain a large and highly diverse variety of kinesin motor proteins 44 
Kinesins present in ciliated plants and the Marsilea male gametophyte ............ 46 
Results ..................................................................................................................... 49 
Marsilea vestita has 56 kinesin-like transcripts .................................................. 49 
Searching for kinesin-1 architecture in Marsilea ................................................ 65 
Comparative analysis of the kinesin family in Marsilea to other plants ............. 68 
Discussion and Conclusions ................................................................................... 73 
Comparing the kinesin family in Marsilea to other plants .................................. 73 
 
Chapter 3: Patterns of Abundance Correlate with the Essential Functions of 
Kinesin Motors during Spermatogenesis ................................................................ 80 
Introduction ............................................................................................................. 80 
Results ..................................................................................................................... 85 
Kinesin transcripts change in abundance during development ........................... 85 
Functional analysis of kinesins with different patterns of transcript abundance 95 
Kinesin-4 I .......................................................................................................... 99 
Kinesin-12 II ..................................................................................................... 100 
Kinesin-13 ......................................................................................................... 103 




ARK and ARK-LIKE ....................................................................................... 110 
Kinesin-‘orphan’ III .......................................................................................... 114 
Discussion and Conclusions ................................................................................. 117 
Kinesin transcripts change in abundance during gametophyte development ... 117 
Patterns of kinesin transcript abundance correlate with protein function ......... 120 
 
Chapter 4: Kinesin-2 and Kinesin-9 have Atypical Functions during Ciliogenesis 
in the Male Gametophyte of Marsilea vestita ........................................................ 126 
Introduction ........................................................................................................... 126 
Cilia, intraflagellar transport, and kinesin motor proteins ................................ 126 
Ciliogenesis in the Marsilea male gametophyte ............................................... 129 
Results ................................................................................................................... 132 
Characterization of kinesin-2 and kinesin-9 family in Marsilea ....................... 132 
Kinesin-2 and kinesin-9 are involved in spermatogenesis ................................ 143 
Spermatid differentiation is incomplete without MvKinesin-2, MvKinesin-9, and 
MvKinesin-9B................................................................................................... 144 
Silencing of MvKinesin-2, MvKinesin-9A, and MvKinesin-9B cause defects in 
ciliogenesis and motility ................................................................................... 149 
MvKinesin-9A knockdowns have irregularly positioned cilia ......................... 153 
Cilia are irregularly positioned in MvKinesin-9A knockdowns due to improper 
positioning of basal bodies................................................................................ 154 
Discussion and Conclusions ................................................................................. 158 
MvKinesin-2 has atypical functions in cytokinesis and ciliogenesis during male 
gametophyte development in Marsilea ............................................................. 158 
MvKinesin-9A is required to orient basal bodies along the microtubule ribbon 
for spermatid differentiation during spermatogenesis ...................................... 162 
 
Chapter 5: The Marsilea Male Gametophyte does not Require IFT Dynein, the 
BBsome, or Outer Arm Dynein for IFT-Dependent Ciliogenesis and Motility 165 
Introduction ........................................................................................................... 165 
Results ................................................................................................................... 170 
Dynein heavy chain (DHC) .............................................................................. 170 
Dynein intermediate (IC), light intermediate (LIC), and light chains (LC)...... 175 
The intraflagellar transport machinery .............................................................. 182 
Transcripts that encode cilia-associated proteins increase in abundance during 
spermatogenesis ................................................................................................ 188 
Discussion and Conclusion ................................................................................... 195 
Loss of cytoplasmic dynein, IFT dynein, and outer arm dynein in Marsilea ... 195 
The IFT fingerprint in Marsilea ........................................................................ 197 
Motility without outer arm dynein .................................................................... 199 
Transcripts that are involved in IFT and motility increase in abundance ......... 199 
 
Chapter 6: Conclusions and Perspectives ............................................................. 203 
Final Conclusions.................................................................................................. 203 





Chapter 7: Methods ................................................................................................ 216 
Microspore harvesting and isolation ................................................................. 216 
Culturing gametophytes .................................................................................... 216 
Poly(A+)-RNA isolation ................................................................................... 216 
Transcriptome assembly ................................................................................... 217 
Identifying kinesin-like sequences from the transcriptome .............................. 218 
Phylogenetic analysis of the kinesin family in Marsilea .................................. 218 
Kinesin-1 phylogeny ......................................................................................... 219 
Transcript abundance ........................................................................................ 219 
Identifying kinesin-2 and kinesin-9 sequences in Marsilea .............................. 220 
MvKinesin-2 and MvKinesin-9 phylogeny ...................................................... 220 
Primers .............................................................................................................. 221 
Reverse transcription polymerase chain reaction (RT-PCR) ............................ 221 
RNA interference (RNAi) ................................................................................. 221 
Fixing, embedding, and sectioning microspores............................................... 222 
Gametophyte staining with toluidine blue o (TBO) ......................................... 222 
Immunofluorescence ......................................................................................... 222 
Fluorescence microscopy .................................................................................. 223 
Analyzing Spermatozoid Swimming Behavior ................................................ 223 
Visualizing Whole Spermatozoids .................................................................... 223 
Identifying dynein heavy chain sequences in the transcriptome ...................... 224 
Identifying additional dynein heavy chain sequences ...................................... 224 
Phylogenetic analysis of dyneins in Marsilea compared to Chlamydomonas .. 224 
Searching for IFT protein homologs in Marsilea .............................................. 225 
Sequence information ....................................................................................... 225 
 
Appendix I: Multiple Sequence Alignments, Videos, and Large Data Sets ...... 226 
Appendix I-1 ......................................................................................................... 226 
Appendix I-2 ......................................................................................................... 270 
Appendix I-3 ......................................................................................................... 275 
Appendix I-4 ......................................................................................................... 281 
Appendix I-5 ......................................................................................................... 287 
Appendix I-6 ......................................................................................................... 287 
Appendix I-7 ......................................................................................................... 287 
Appendix I-8 ......................................................................................................... 287 
Appendix I-9 ......................................................................................................... 287 
Appendix I-10 ....................................................................................................... 287 
Appendix I-11 ....................................................................................................... 287 
Appendix I-12 ....................................................................................................... 288 
Appendix I-13 ....................................................................................................... 291 
 







List of Tables 
Chapter 1: Introduction………………………………………………..……………1 
Table 1-1. Making sense of the kinesin nomenclature and family members…...……17 
Table 1-2. Mitotic kinesins in Arabidopsis and Physcomitrella…………...………...25 
 
Chapter 2: Identification of 56 Kinesin-like Transcripts Present During Male 
Gametophyte Development in Marsilea vestita……………………………………44 
Table 2-1. 127 kinesin sequences from the Marsilea transcriptome………………...50 
Table 2-2. Fifty-six kinesin transcripts in the Marsilea male gametophyte………....55 
Table 2-3. Kinesins from Humans, Arabidopsis, and Physcomitrella used to build a 
phylogenetic tree……………………………………………………………………..61 
Table 2-4. Accessory domains present in Marsilea kinesins………………………...73 
 
Chapter 3: Patterns of Transcript Abundance Correlate with Essential 
Functions of Kinesin Motors during Spermatogenesis…………………………..80 
Table 3-1. LogFC and FPKM values for all 56 kinesin sequences present in Marsilea, 
separated by developmental trend……………………………………………………92 
Table 3-2. Summary of kinesin knockdowns and spermatid development………...116 
 
Chapter 4: Kinesin-2 and Kinesin-9 have Atypical Functions during Ciliogenesis 
in the Male Gametophyte of Marsilea vestita…………………………………….126 
Table 4-1. Kinesin-2 and kinesin-9 sequences used for phylogenetic analysis.........137 
 
Chapter 5: Dynein and Additional Players in Ciliogenesis………………..……165 
Table 5-1. Transcripts that encode dynein HC proteins in Marsilea ………..……..171 
Table 5-2. The search for additional dynein sequences revealed sequence fragments 
with low similarity to IFT dynein…………………………………………………..172 
Table 5-3. IFT dynein fragments do not associate with any larger contigs in the 
transcriptome assembly……………………………………………………………..172 
Table 5-4. Complete list of Chlamydomonas dynein IC, LIC, and LCs used to identify 
homologous sequences in Marsilea…………………………………………….…..177 
Table 5-5. Transcripts that encode dynein IC, LIC, and LCs found in Marsilea…..180 
Table 5-6. Complete list of Chlamydomonas IFT-associated proteins used identify 
homologous sequences in Marsilea………………………………………..……….184 
Table 5-7. Transcripts that encode FLA3 and IFT particles found in Marsilea........186 
Table 5-8. Normalized FPKM and logFC values for cilia-associated transcripts.....191 
Appendix I: Multiple Sequence Alignments, Videos, and Large Data Sets…..226 







List of Figures 
Chapter 1: Introduction…………………..…………………………………………1 
Figure 1-1. Marsilea vestita…………………………………………………………...2 
Figure 1-2. Spermatogenesis in M. vestita…………………………………………….4 
Figure 1-3. Differentiation…………………………………………………………….6 
Figure 1-4. Ciliogenesis……………………………………………………………….7 
 
Chapter 2: Identification of 56 Kinesin-like Transcripts Present During Male 
Gametophyte Development in Marsilea vestita……………………………………44 
Figure 2-1. The kinesin family in Marsilea………………………………………….59 
Figure 2-2. The male gametophyte of Marsilea does not make any transcripts that 
encode members of the kinesin-1 family…………………………………………….67 
Figure 2-3. Comparing the kinesin superfamily in plants……………………………71 
Figure 2-4. Illustrated transcript models for kinesins in Marsilea…………………...72 
 
Chapter 3: Patterns of Transcript Abundance Correlate with the Essential 
Functions of Kinesin Motors during Spermatogenesis…………………………..80 
Figure 3-1. Kinesin transcripts change in abundance during spermatogenesis……...90 
Figure 3-2. Heatmap of changes in transcript abundance……………………………91 
Figure 3-3. Kinesin dsRNA and RT-PCR after knockdown…………………………96 
Figure 3-4. Untreated controls……………………………………………………….98 
Figure 3-5. Kinesin-4 Ic…………………………………………………………….101 
Figure 3-6. Kinesin-12 II…………………………………………………………...102 
Figure 3-7. Kinesin-13……………………………………………………………...106 
Figure 3-8. Kinesin-14 VI…………………………………………………………..112 
Figure 3-9. ARK and ARK-LIKE....………………………………………………..113 
Figure 3-10. Kinesin-‘orphan’ III…………………………………………………..115 
 
Chapter 4: Kinesin-2 and Kinesin-9 have Atypical Functions during Ciliogenesis 
in the Male Gametophyte of Marsilea vestita…………………………………….126 
Figure 4-1. Identification of kinesin-2 and kinesin-9 sequences in Marsilea……....134 
Figure 4-2. Characterization of kinesin-2 in Marsilea ……………………………..139 
Figure 4-3. Characterization of the kinesin-9 family in Marsilea………………….140 
Figure 4-4. Domain architecture of Marsilea kinesin-2, -9A, and -9B…………….141 
Figure 4-5. Kinesin-2 and kinesin-9 increase in abundance during development …142 
Figure 4-6. Kinesin-2 and kinesin-9 are involved in spermatogenesis……………..147 
Figure 4-7. Spermatid differentiation is incomplete………………………………..148 
Figure 4-8. Kinesin-2, kinesin-9A, and kinesin-9B have distinct roles in ciliogenesis 
and motility…………………………………………………………………………152 
Figure 4-9. MvKinesin-9A knockdowns have irregularly positioned cilia……...…154 







Chapter 5: Dynein and Additional Players in Ciliogenesis……..………………165 
Figure 5-1. Phylogenetic tree comparing dynein heavy chain protein sequences in 
Marsilea and Chlamydomonas……………………………………………………..174 
Figure 5-2. Cilia-associated transcripts change in abundance…………………..….190 
Figure 5-3. Heatmap for changes in abundance for cilia-associated transcripts…....194 
 
Appendix I: Multiple Sequence Alignments, Videos, and Large Data Sets…...226 
Appendix I-1. Multiple sequence alignment (MSA) of kinesin motor domains used to 
construct a phylogenetic tree and identify kinesin family members in Marsilea…..226 
Appendix I-2. MSA of kinesin-1, ARK-LIKE, ‘orphan’-I, and ‘orphan’-IV sequences 
to determine if kinesin-1 architectures exist in plants………………………….…..275 
Appendix I-3. MSA of kinesin-2 motor domain sequences…………………….….280 
Appendix I-4. MSA of kinesin-9 motor domain sequences…………………….….286 
Appendix I-5. Video 1.mov…………………………………………………….…..292 
Appendix I-6. Video 2.mov…………………………………………………….…..292 
Appendix I-7. Video 3.mov…………………………………………………….…..292 
Appendix I-8. Video 4.mov…………………………………………………….…..292 
Appendix I-9. Video 5.mov…………………………………………………….…..292 
Appendix I-10. Video 6.mov…………………………………………………….....292 
Appendix I-11. Video 7.mov…………………………………………………….…292 






 List of Abbreviations 
ARK Armadillo repeat kinesin 
ARM Armadillo repeat domain 
At Arabidopsis thaliana 
ATK1 Arabidopsis thaliana kinesin 1—member of the kinesin-14 I family 
ATK2 Arabidopsis thaliana kinesin 2—member of the kinesin-14 I family 
ATK3 Arabidopsis thaliana kinesin 3—member of the kinesin-14 I family 
ATK4 Arabidopsis thaliana kinesin 4—member of the kinesin-14 II family 
ATK5 Arabidopsis thaliana kinesin 5 member of the kinesin-14 I family 
AtKP1 Arabidopsis thaliana kinesin-like protein 1—member of the kinesin-
14 II family 
ATP Adenosine triphosphate 
b Blepharoplast 
bb Basal bodies 
BBsome Bardet–Biedl syndrome proteins 
BLAST Basic local alignment search tool 
BLAST2GO BLAST to gene ontology 
C-terminus Carboxyl-terminus 
CB Ciliary band 
cDNA Complementary DNA 
CDS Coding sequence 
CDZ Cortical division zone 
Ce Caenorhabditis elegans 
CEM Cephalic male cilia  
CENP-E Centrosome protein-E--a member of the kinesin-7 family 
CH Calponin homology domain  
Cr Chlamydomonas reinhardtii  
DAPI  4', 6-diamidino-2-phenylindole 
DIC Differential interference contrast microscopy 
Dm Drosophila melanogaster 
DNA Deoxyribonucleic acid 
dsRNA Double stranded RNA 
EJC Exon junction complex 
f Flagella 
F-actin Filamentous actin 
FDR False discovery rate 
FERM  4.1, ezrin, radixin, and moesin protein module domain 
FLA10 Flagellar assembly 10—member of the kinesin-2 family in 
Chlamydomonas 





FLA8 Flagellar assembly 8—member of the kinesin-2 family in 
Chlamydomonas 
FPKM Fragments Per Kilobase Million 
FRA1 Fragile fiber 1--a member of the kinesin-4 I family from 
Arabidopsis 
GAP1 GTPase-activating protein 1 
GO Gene ontology 
GTP Guanosine triphosphate 
h Hours 
HC Dynein heavy chain 
Hs Homo sapiens 
IAD Inner arm dynein  
IBBR  Institute for Bioscience and Biotechnology Research 
IC Dynein intermediate chain 
IFT Intraflagellar transport 
j Jacket cells 
jc Jacket cells 
KAP Kinesin associated protein 
KCA1 A member of the kinesin-14 V family in Arabidopsis 
KCA2 A member of the kinesin-14 V family in Arabidopsis 
KCBP Kinesin calmodulin binding protein—member of the kinesin-14 VI 
family from plants 
KCH Kinesin with calponin homology domain—member of the kinesin-
14 II family in plants 
KIF17 Kinesin family 17—member of the kinesin-2 family from mammals 
KIF2 Kinesin family 2—member of the kinesin-13 family  
KIF24 Kinesin family 24—member of the kinesin-13 family  
KIF5 Kinesin family 5—member of the kineisn-1 family from mammals 
KIFC1 Kinesin family c-terminal 1—member of the kinesin-14 I family 
from mammals 
KINUA Kinesin ungrouped A—member of the ARK family from 
Arabidopsis 
KLP1 Kinesin-like protein 1, flagellar associated—member of the kinesin-
9A family from Chlamydomonas 
KRP125 Kinesin related protein 125—member of the kinesin-5 family from 
Arabidopsis  
LC Dynein light chain 
LIC Dynein light intermediate chain 
logFC Log fold change 
m Mitochondria 
MAP Mitogen activated protein 
MIRO Mitochondrial Rho 
MKRP Mitochondrial kinesin-related protein--a member of the kinesin-7 I 




MLS Multilayered structure 
mRNA Messenger RNA 
MSA Multiple sequence alignment 
mt Microtubule ribbon 
Mv Marsilea vestita 
MyTH4 Myosin tail domains  
n Nucleus 
N-terminus Amino-terminus 
NACK NPK1-activating kinesin-like protein—member of the kinesin-7 II 
family from Arabidopsis 
ne Nuclear envelope 
NPK1 A MAP kinase kinase kinase 
OAD Outer arm dynein 
OSM-3 Osmotic avoidance abnormal protein 3, homodimeric kinesin-2  
p Prothallial cell 
p Plastid 
PAKRP Phragmoplast-associated kinesin-related protein—member of the 
kinesin-12 II family from Arabidopsis 
PAKRP2 Phragmoplast-associated kinesin-related protein 2—member of the 
kinesin-orphan II family from Arabidopsis 
PAP Polyadenylate polymerase 
PFA Paraformaldehyde 
PFR paraflagellar rod 
POK Phragmoplast orientating kinesin—member of the kinesin-12 I 
family from Arabidopsis 
Poly(A) Polyadenylated  
Poly(A)+RNA Polyadenylated RNA 
Pp Physcomitrella patens 
PPB Pre-prophase band 
PRP19 A spliceosomal factor 
Ran Ras-related nuclear protein 
RING Really interesting new gene 
RNA Ribonucleic acid 
RNAi RNA interference 
RNAseq RNA sequencing 
RT-PCR Reverse transcriptase polymerase chain reaction 
SAM Sterile alpha motif 
sp Spermatid 
spi Primary spermatogenous cells 
st Starch filled plastids 
TAN Tangled 
TBO Toluidine blue-O 




Chapter 1: Introduction 
 
Marsilea vestita 
 Marsilea vestita is a heterosporous semi-aquatic fern that grows in shallow 
ponds with sporophytes that resembles a four-leaf clover (Figure 1-1A). Like all 
ferns, Marsilea undergoes an alternation of generations, with the sporophyte being 
the diploid product and the gametophyte is haploid. In California, Marsilea vesita is 
found in vernal pools and shallow ponds. During the dry spring and summer months, 
the ponds become dry and the sporophyte dies and forms sporocarps (Figure 1-1B). 
Sporocarps are modified leaf structures that hold meiotic products called megaspores 
and microspores within sporangia (Figure 1-1C). Female gametophytes are produced 
from the megaspores and male gametophytes are produced from the microspores. The 
spores undergo a natural process of desiccation within the slowly drying sporocarp 
where they can remain quiescent and viable in a dormant state for over 100 years 
(Moran, 2004). Gametophyte development begins upon sporocarp hydration. After 
fracture, decay or scarification of the sporocarp wall, the entry of water causes the 
hydration and expansion of a fertile frond, revealing the clusters of sporangia that 
contain the mega and microspores (Figure 1-1D). The dry spores readily absorb water 
and initiate complex, but highly ordered developmental programs leading to the 
production of egg cells (from megaspores) and motile spermatozoids (from 







E Figure 1-1. Marsilea vestita . (A) Mature 
sporophytes resemble a four-leaf clover. (B) Upon 
desiccat ion, sporocarps form containing 
megaspores and microspores. (C) Magnified image 
of large megaspores surrounded by smaller 
microspores. (D) Hydrated sporocarp with 
emerging fertile frond and yellow sporangia 
containing mega and microspores. (E) A mature 
motile spermatozoid. D, C. van der Weele. E, 
Mizukami & Gall, 1966. 
 
Male Gametophyte Development in Marsilea 
The process of hydration initiates a series of events that leads to a dramatic 
transformation in the Marsilea male gametophyte. Shortly after hydration, the 
gametophyte begins a rapid developmental program that culminates with the 
production of 32-corkscrewed shaped spermatozoids, each with about 140 cilia 
(Figure 1-1E) from a single undifferentiated cell (Sharp, 1914; Mizukami and Gall, 
1966; Myles and Bell, 1975; Myles and Hepler, 1977). Spermatogenesis takes place 
synchronously in populations of spores hydrated at the same time. At 20°C, motile 
spermatozoids are released 11 hours after hydration (Hepler, 1976) whereas culturing 




(Pennell et al., 1986, 1988). Development can be divided into two distinct phases. 
The first phase consists of a series of nine mitotic division cycles that produce 32 
spermatids, six sterile jacket cells, and one prothallial cell that takes place during the 
first four and a half to five hours of development. After the division cycles are 
complete, the second phase of gametophyte development occurs and each spermatid 
differentiates into a corkscrew-shaped motile spermatozoid with about 140 cilia. 
Mitotic divisions  
Before hydration, the gametophyte consists of a single, undifferentiated cell 
with a large central nucleus surrounded by starch containing plastids (Figure 1-2A). 
Shortly after hydration, the nucleus moves to one side of the cell and the plastids 
migrate to the opposite side (Figure 1-2B). Within 30 minutes, the first division 
occurs. This division is asymmetric and produces a small prothallial cell and a much 
larger germ cell (Figure1-2C). The germ cell then divides symmetrically to produce 
two antheridial initials (Figure1-2D). Each antheridial initial divides asymmetrically 
three times to yield six jacket cells and two primary spermatogenous cells (Figure1-
2E-G). The primary spermatogenous cells serve as the initials for spermatid 
production. Unlike the spermatogenous cells, the jacket cells are unable to divide, 
they contain starch filled plastids, and they surround the much larger primary 
spermatogenous cells. The divisions that distinguish primary spermatogenous cells 
from the sterile jacket cells are completed two hours after hydration and are 
responsible for establishing cell fate early in development.  
Four more symmetric divisions then occur in each primary spermatogenous 




The spermatids will ultimately differentiate into ciliated gametes. A blepharoplast 
forms de novo during these divisions and functions like a centrosome (though it lacks 
a centriole) during the 9th division to organize spindle microtubules (Hepler, 1976; 
Hoffman and Vaughn, 1994). All nine of the division cycles are completed by four 





Both the asymmetric and symmetric divisions not only occur at predictable 
times during development, but also along pre-determined planes. Like all other plants, 
the cells of the developing gametophyte cannot move. Thus, the position and size of 
each cell is constant and determines cell fate (Sharp, 1914; van der Weele et. al. 2007; 
Wolniak et. al, 2011). This precise spatial and temporal patterning of the divisions 
simplifies the detection of abnormalities during development. 
Differentiation and ciliogenesis 
Sterile cells are quite different from spermatogenous cells, yet they both arise 
from a single progenitor. Jacket cells are much smaller than spermatogenous cells and 
contain many starch-filed plastids. These cells cannot divide and as the gametophyte 
matures they become less obvious within the spore wall (Figure 1-2L, K). At five 
hours following hydration, the initial division phase of development is complete and a 
second phase of differentiation begins. During this phase, each spermatid develops 
into a helically coiled gamete with about 140 motile cilia. 
This unusual shaping of the gamete is achieved through the elongation and 
coiling of the nucleus and mitochondria along a coiled microtubule ribbon (Figure 1-
3A). The nucleus coils until it makes four to five gyres, while the microtubule ribbon 
and mitochondria continue to coil for nine gyres (Figure 1-3B). Basal bodies, already 
formed de novo, from the maturation and enlargement of the blepharoplast (Figure 1-
3C, D) are placed in two rows at regular intervals along the dorsal face of the 
microtubule ribbon to become the sites of ciliogenesis (Figure 1-3E, F) (Sharp, 1914; 
Myles and Hepler, 1977). The coiling becomes apparent when an organelle called the 




unknown, but it seems to play a role in regulating the coiling process and the 
placement of basal bodies along the microtubule ribbon (Figure1 -3D) (Myles and 






Figure1-3.  Differentiation. (A) Cartoon image of the nucleus and mitochondria 
beginning to coil with the microtubule ribbon along the outside edge. (B) Coiling 
later in development. (C) Electron micrograph of a cross-section through the 
blepharoplast (b) and nucleus (n) at 5 h. (D) The blepharoplast then enlarges and 
transforms into basal bodies. Also in this region is the multilayered structure 
(mls) in close association with the mitochondria (m). (E) By 7 h basal bodies (bb) 
are placed at regular intervals along the nuclear envelope (ne) and microtubule 
ribbon (mt). Condensing chromatin (c) is seen along the nuclear envelope. (F) 





At first, basal bodies are oriented so cilia diverge away from each other and 
are parallel to the plasma membrane of each spermatid (Figure 1-4A). Near the end of 
spermiogenesis, the basal bodies rotate 90° so that the ciliary axonemes protrude 
vertically from the microtubule ribbon and nuclear coil in two regular rows (Figure 1-
4B) (Myles et al., 1978; Myles and Hepler, 1982). At nine and a half hours, an 
extension of cytoplasm begins to grow around the anterior end of each spermatid and 
eventually fuses together to surround each cell. This creates an internal, but 
extracellular space that contains the microtubule ribbon and organelle coil plus all of 
the cilia (Figure 1-4C). Upon release from the microspore, each spermatozoid breaks 
free from the surrounding cytoplasmic space and leaves behind a thin vesicle-like 
structure (Myles and Hepler, 1977). The ciliary axonemes have the typical 9+2 
architecture (Figure 1-4D) (Myles et al., 1978) found in motile organisms and 
spermatozoids are able to swim towards the megaspore for fertilization.  
Figure 1-4. Ciliogenesis. (A-B) Scanning 
electron micrograph showing the orientation of 
the forming cilia to the spermatid plasma 
membrane. (A) Cilia first begin to appear as 
two diverging rows that are parallel to the 
plasma membrane. (B) Cilia then rearrange to 
be parallel to each other and extend vertically 
from the spermatid. (Myles et al., 1978). (D) 
Electron micrograph showing the extension of 
cytoplasm that forms around the anterior end 
of each spermatid. Cilia are enclosed in an 
internal, but extracellular spare (*). Insert: 
phase-contrast image at same developmental 
stage. (E) At 10 h, the cilia can be seen with a 
typical 9+2 architecture. One gyre of the 
organelle coli is pictured here with the nucleus 
(n), microtubule ribbon (mtr), and the 
mitochondria (m) close to their final shapes. 








Gametophyte development is regulated post-transcriptionally 
Similar to other rapidly developing systems, spermatogenesis in Marsilea is 
post-transcriptionally controlled. Virtually all of the RNA required for development is 
present in dry microspores, having been transcribed during the desiccation process 
prior to spore quiescence, and almost no additional transcription is required for 
gametogenesis. At most, a small amount of new transcription might be required for 
late stages of development when mature spermatozoids emerge from the spore wall 
(Hart and Wolniak, 1998; Klink and Wolniak, 2003). The RNA is stored in the dry 
spore within nuclear speckles as partially processed pre-mRNAs (Boothby and 
Wolniak, 2011). During gametophyte development, the stored pre-mRNAs become 
unmasked, spliced, polyadenylated, and translated in a precise spatio-temporal 
relationship to form motile spermatozoids (Tsai et al., 2004; van der Weele et al., 
2007; Deeb et al., 2010; Boothby and Wolniak, 2011; Boothby et al., 2013). 
 
Marsilea vestita as an Experimental Model for Rapid Development 
Over the past twenty years, our lab has focused on the processes that regulate 
rapid development in the male gametophyte of M. vestita. Although this may seem 
like an unfamiliar model for developmental biology, there are many useful and 
interesting aspects of gametophyte development that make this system biologically 
relevant. Marsilea has proved to be excellent and extremely useful for studies on cell 
fate determination, spatial organization (Tsai et al., 2004; van der Weele et al., 2007; 




1983), the de novo formation of basal bodies (Mizukami and Gall, 1966; Hepler, 
1976; Hart and Wolniak, 1998, Klink and Wolniak, 2001), ciliogenesis, (Myles and 
Hepler, 1977), and post-transcriptional regulation (Boothby and Wolniak, 2011; 
Boothby et al., 2013).  
One of the main advantages in the Marsilea male gametophyte is the 
combination of rapid development with developmental synchrony. Development 
occurs in only eleven hours and does not begin until dry microspores are submerged 
in water. During the first two hours of development, cell fate is established within the 
gametophyte. This involves only two cell types, sterile cells and spermatogenous 
cells, greatly simplifying the study and identification of these cells. The seven sterile 
cells in the gametophyte are formed through asymmetric divisions and this type of 
cell division is not used at any other time during development. During the following 
three hours of development, spermatogenous cells undergo four rounds of symmetric 
divisions to produce 32 spermatids. Both the asymmetric and symmetric divisions are 
temporally and spatially precise, meaning that they occur at predictable times and in 
pre-determined planes. This makes the construction of a fate map very easy and the 
detection of abnormalities during development is obvious. Extreme morphological 
changes in each spermatid then occur during the next five to six hours of 
development. During this time, spermatids transform from stationary, rounded cells, 
to coiled cells with about 140 motile cilia that are capable of swimming in shallow 
ponds and are chemically attracted to the female gametophyte. 
Another enormous advantage is the ease at which studies in on male 




general cell and developmental biology. Microspores are easily harvested from 
mature plants. To do this, the shallow ponds that make the ideal habitat for Marsilea 
sporophytes are neglected (much to the chagrin of our horticulturalist neighbors in the 
greenhouse facilities) and allowed to dry. The sporophytes form sporocarps as they 
mature, and the microspores and megaspores contained within the sporangia undergo 
their maturation process as the ponds dry out (Boothby and Wolniak, 2011). The 
drying process must be slow in order for the spores to mature properly. Spore 
maturation involves the production of stored mRNAs and proteins essential for rapid 
gametophyte development. After the plants have dried completely, the sporocarps are 
then simply pulled off the plant and placed in plastic bags stored at room temperature 
until use. Dry microspores retain their developmental potential for over 100 years 
(Moran et al., 2004), although we typically use them within a year or two in the lab. 
To study development, we are able to fix microspores and use standard sectioning, 
labeling, and microscopy techniques for visualization. In addition, we have found 
great success using reverse genetic approaches to study development. RNAi is simply 
conducted in Marsilea as microspores absorb dsRNA, and other small compounds 
like drugs or dyes, upon hydration. This straightforward approach to deliver dsRNA 
greatly simplifies RNAi and makes knockdown analyses easy to perform. One major 
disadvantage with this approach is that we have very little control over how much 
dsRNA is absorbed by a single microspore we frequently observe a range of effects 
from the addition of one type of dsRNA. At about six hours of development, small 
molecules like dsRNA, dyes, and drugs, are generally excluded from being absorbed 




impermeable from the surrounding environment. 
Transcriptome assembly and analysis 
 In the past, our lab used a cDNA library to find transcripts encoding proteins 
necessary for gametophyte development. The cDNA library was sufficiently large to 
provide many diverse cDNAs and allow for numerous productive and informative 
studies. However, the development of next generation RNAseq technology gave us 
the opportunity to survey all the transcripts present during development, and not just a 
selection of the most prevalent or abundant. Two of the major advantages to using the 
developing male gametophyte of Marsilea for RNAseq analysis is that when 
rehydrated at 20°C, development proceeds synchronously within the microspore and 
that the gametophyte is transcriptionally quiescent. Therefore, at specific times after 
spore hydration, we know which developmental processes are occurring within the 
spore wall, and that changes in RNA abundance during specific time intervals are due 
to post-transcriptional regulation (unmasking, polyadenylation, splicing, degradation) 
and not the consequence of changes in gene expression.  
In order to assemble a de novo transcriptome we used next generation 
RNAseq by isolating poly(A+)-RNA from developing gametophytes at 1-2 hours, 3-5 
hours, and 6-8 hours after spore hydration. Our isolated RNA was sequenced using 
Illumina technology and we assembled into a de novo transcriptome using the 
computer application Trinity (Grabherr et al., 2011). The entire isolation and 
sequencing process was performed in three replicate runs. Our >590 million reads 
enabled us to assemble a combined reference transcriptome containing over 150,000 




about 90,000 unique isoforms for analysis. RNAseq reads were mapped to unigenes 
to calculate fragments per kilobase million (FPKM) values using the Tuxedo suite 
(Tophat, Bowtie and Cufflinks) (Trapnell et al., 2009; 2010) for each transcript. The 
transcriptome was annotated using Trinotate (http://trinotate.github.io), which 
compiles sequences for multiple BLAST analyses. We used EdgeR (Robinson et al., 
2010) to compare RNA isoform abundance between samples obtained at different 
times of development, and gene ontology enrichment analysis (Blast2GO) (Ashburner 
et al., 2010) to cluster transcripts together based on function, so we could assess 
patterns of transcript enrichment during different phases of development. The 
construction of this transcriptome allows us to determine not only the identity, but 
also the relative abundance of every transcript present during three distinct stages, 1-
2h, 3-5h, and 6-8h, of gametophyte development. 
By combining our FPKM values and gene ontology (GO) analysis we found 
that transcripts that are enriched early in development (during the 1-2 hour time 
point) are involved in mitosis, cell cycle regulation, DNA replication, and splicing. 
Late in development (6-8 hours post hydration), transcripts that are enriched include 
GO terms for microtubule and cytoskeletal associated proteins, ciliogenesis, 
centrosome, and axonemal components. The middle time point of development (3-5 
hours post hydration) appears to be a transition time between the early stage of 
development, marked by cell division, and the later portion of development, which is 
dedicated to spermatid differentiation and ciliogenesis. GO terms that are enriched 
during this transition time include the proteasome and ubiquitin ligase components. It 




required during the 3-5h time point to transition the gametophyte from cell division to 
ciliogenesis  (Boothby, 2013; Wolniak et al., 2015). 
Spatial organization and rapid development 
I am interested in the cytoskeletal dynamics that underlie the establishment of 
polarity and the morphological changes associated with differentiation and 
ciliogenesis during rapid development in the male gametophyte of Marsilea. Previous 
work points to the importance of division planes in establishing cell fate and polarity 
during gametogenesis. In the presence of cell division inhibitors, translation is able to 
continue normally (Tsai and Wolniak, 2001); however, cell fate is distorted in the 
gametophyte and spermatogenous cells are far less different compositionally from 
sterile jacket cells. Typically, sterile jacket cells and spermatogenous cells are 
morphologically distinct and, not surprisingly, they display different protein 
expression patterns. Visualizing spores with anti-centrin (which labels the 
blepharoplast and MLS) and anti-β-tubulin (which labels the microtubule ribbon) 
antibodies shows that these proteins are only found in the spermatogenous cells 
(Klink and Wolniak, 2001). Proteins that are important for formation of the 
cytoskeleton and ciliary apparatus also become exclusively localized in 
spermatogenous cells in normal gametophytes (Klink and Wolniak, 2003). The 
localization of these proteins in spermatogenous cells is what allows them to 
differentiate into motile spermatids. If division cycles are arrested, many of the 
mRNAs that encode these proteins are not localized to regions of the gametophyte 
that would become the spermatogenous cells, and these transcripts can be found 




the processing and translation of stored mRNA appear to be responsible for the 
differences in protein expression observed between jacket and spermatogenous cells 
(Tsai et. al., 2004; van der Weele et al., 2007; Wolniak et. al, 2011).  
RNA processing mechanisms, namely splicing and polyadenylation, are 
essential processes that affect translation. Pre-mRNA splicing affects the timing for 
transcript export from the nucleus and this affects its ultimate destination in the 
cytoplasm (St Johnston, 2005; Besse and Ephrussi, 2008; Martin and Ephrussi, 2009). 
The association of the exon junction complex (EJC) with spliced mRNA mediates 
polysome association with mRNA (Nott et. al., 2004). Unlike other mRNA transcripts 
that show an equal distribution throughout the gametophyte, PRP19, a spliceosomal 
factor, is only found in the spermatogenous cells (Tsai et. al., 2004). Another mRNA 
that is similarly localized in the Marsilea gametophyte is RNA helicase (Tsai et. al., 
2004), which attaches the EJC to mRNA (Anderson and Kedersha, 2006) and 
regulates splicing. In general, polyadenylation occurs in the nucleus; however, once 
transcripts reach the cytoplasm, lengthening or shortening of the poly(A) tail can 
occur (Villalba et. al., 2011). Longer poly(A+) tails have a higher level of 
translational activity, while transcripts with shorter poly(A+) tails show lower levels 
of translation (Gorgoni and Gray, 2004). Cytoplasmic polyadenylate polymerase 
(PAP) is responsible for lengthening poly(A+) tails after nuclear export. Interestingly, 
spermatogenous cells contain large amounts of polyadenylated mRNA, while jacket 
cells have very little. This difference may be due to the observed high levels of 




localization of these RNA processing activities drives the differences in protein 
expression that underlie cell fate determination. 
 Upon desiccation in Marsilea, pre-mRNAs necessary for gamete development 
are stored as masked transcripts in large nuclear aggregates containing many nuclear 
speckles (Boothby and Wolniak, 2011). Most of these transcripts have retained 
introns and the splicing of these transcripts is necessary for their translation (Boothby 
et. al., 2013). The nuclear speckles move into the cytosol of the antheridial mother 
cell during the first mitotic division and then separate during the second mitotic 
division so that each antheridial mother cell has an equal amount of stored mRNA 
essential for gamete formation (Boothby and Wolniak, 2011). It is unclear how this 
occurs and how the transcripts are later dispersed among the spermatogenous cells. It 
is likely that nuclear speckles are dispersed into areas that become spermatogenous 
cells prior to the second division, though rises in the amount of the polyamine, 
spermidine, play a key role in the unmasking of stored pre-mRNAs in the 
gametophyte (Deeb et al., 2009; Boothby and Wolniak, 2011).  
From these experiments, we know that cell division planes are required to 
establish cell fate (Tsai and Wolniak, 2001), that sterile jacket cells and 
spermatogenous cells contain significantly different sets of proteins that allow for the 
differentiation of spermatids into motile cells (Klink and Wolniak, 2001; Klink and 
Wolniak, 2003), and that these proteins become sequestered in spermatogenous cells 
through localized transcript unmasking, polyadenylation, splicing, and translation 
(Tsai et. al., 2004; van der Weele et al., 2007; Deeb et al., 2010; Boothby and 




are patterned during development, how mRNA processing components become 
localized to spermatogenous cells, or how differentiation is controlled in the 
gametophyte. Preliminary evidence from our lab suggests that the cytoskeleton and 
motor proteins are required to control the localization of many of these molecules 
(Molk and Wolniak, 2001; Deeb, 2009). Kinesins are molecular motors that are 
important for a variety of microtubule-orchestrated events that underlie cell biology. 
Kinesins use the energy from ATP hydrolysis to transport organelles, vesicles, and 
chromosomes along microtubules and to organize microtubule arrays during mitosis, 
cell morphogenesis, and ciliogenesis (Inoué and Salmon, 1995; Hirokawa, 1998; 
Sharp et al., 2000). Therefore, these proteins are likely to be important for the 
processes that regulate rapid development during male gametophyte development in 
Marsilea. 
Kinesin Motor Proteins in Plants 
 The kinesin superfamily of motor proteins is marked by the presence of a 
highly conserved motor domain responsible for ATP hydrolysis and microtubule 
binding. Most kinesins function as homodimers, although some exist as monomers, 
heterodimers, or heterotrimers, and oligomerize through coil-coil regions of the 
proteins. Based on alignments of the conserved motor domain, kinesins are separated 
into fourteen families, kinesin-1 through kinesin-14 (Lawrence et al., 2004). Of these, 
kinesin-1 through kinesin-12 have N-terminal motors, kinesin-14s have C-terminal 
motors, and kinesin-13s have a centrally located motor domain (Endow, 1999). In 
general, this nomenclature has successfully been applied and expanded to include a 




Shen et al., 2012); however, a more ‘holistic’ overview of the kinesin superfamily in 
eukaryotes questioned some aspects of this naming system (Wickstead and Gull, 
2006). In this analysis, kinesin-4 and -10 are grouped together, and two subgroups 
within the kinesin-12 family were separated into new families termed kinesin-15 and 
kinesin-16. In addition, some previously orphaned kinesins were found conserved 
across a variety of taxa and, in accordance, were given new kinesin family names 
including kinesin-17, -18, -19, and -20 (Table 1-1). Although this new naming system 
is useful when describing and comparing the kinesin superfamily in diverse 
eukaryotes, it has not been universally adopted and the traditional kinesin-1 through -
14 naming system prevails. For the purpose of consistency, I will be using the kinesin 
naming system that most frequently appears the literature when discussing plants in 
the upcoming chapters of this dissertation; however, references to ‘holistic’ kinesin 
families will be used when appropriate. 
 






























HsKIF1, Ce_unc104 Kinesin-3C 
 
HsKIF13, Ce_klp4 Kinesin-3D 
 









Kinesin-4/10B Kinesin-4 I 
HsKIF7, HsKIF27, 
DmKlp61F 
Kinesin-4/10X Kinesin-4 II 






HsKIF20, DmSubito Kinesin-6B 
 
Kinesin-7 HsCENP_E Kinesin-7 
Kinesin-7 I, -7 II,  




HsKIF19, Ce_klp13 Kinesin-8B 
 
 
Kinesin-8X Kinesin-8 I, -8 II 
Kinesin-9 
HsKIF9 Kinesin-9A Kinesin-9 
HsKIF6 Kinesin-9B Kinesin-9 
Kinesin-10 HsKid Same as kinesin-4 
 
Kinesin-11 KIF26 No evidence 
 
Kinesin-12 HsKIF12, HsKIF15 
Split to kinesin-15 
and kinesin-16  
Kinesin-13 








Kinesin-14A Kinesin-14 I 





Kinesin-14B Kinesin-14 III 
 
Kinesin-14C Kinesin-14 VI 
HsKIF25 Kinesin-14D Orphan II 
 
Kinesin-14X Kinesin-14 IV 
 







HsKIF15, Ce_klp18 Kinesin-15 Kinesin-12 I, -12 II 






HsKIF22 Kinesin-18 Kinesin-10 
 












In addition to providing a useful tool for the separation of kinesins into 
families, the location of the motor domain is also important for kinesin motility. Most 
kinesins have amino-terminus motors and are responsible for plus end directed 
microtubule transport, also known as anterograde transport. The kinesin-13 and 
kinesin-14 families are unique with motor domains located in the middle and at the 
carboxyl-terminus of the protein, respectively. Kinesin-13s are known for their 
microtubule depolymerizing activity while the c-terminus motor found in many 
members of the kinesin-14 family is responsible for retrograde, minus end directed, 
microtubule transport (Endow, 1999).  
Outside the conserved motor domain there is limited homology between 




similarity outside of the conserved motor domain. These non-motor regions are 
necessary for cargo binding and are responsible for directing many of the functions of 
individual kinesins. It is therefore difficult to infer kinesin protein function based on 
family (Dagenbach and Endow, 2004) and plant and animal kinesins of the same 
family do not frequently have conserved functions (Lee and Liu, 2004; Lee et al., 
2015). This is especially troublesome for plant biologists, where compared with 
animals and fungi, less is known about the function of individual kinesins in 
orchestrating microtubule dynamics. 
 Compounding on this general lack of knowledge is the fact that plant cells 
have significantly more kinesin protein types than animal cells. In Arabidopsis 
thaliana, a dicot flowering plant and a common model system in plant cell biology, 
61 kinesin genes have been identified (Reddy and Day, 2001). Rice, Oryza sativa, 
another angiosperm, has 52 kinesin genes (Richardson et al., 2006). Even in a 
relatively simple plant, such as the moss Physcomitrella patens, a large kinesin family 
of 78 genes has been discovered (Shen et al., 2012; Miki et al., 2014). In contrast, 
mammals have 45-50 kinesins in the genome (Miki et al., 2001). The reason why 
there are so many more kinesins in plant cells than animal cells is generally attributed 
to the fact that plants lack genes that encode for cytoplasmic dynein. Genes for 
intraflagellar transport (IFT) dynein and axonemal dynein are found in plants that 
make ciliated cells, such as the green algae Chlamydomonas and the lycophyte 
Selaginella moellendorffii, but cytoplasmic dynein-1, the dynein responsible for 
retrograde cytoplasmic transport outside of cilia, is absent in the plant kingdom 




in retrograde transport (Jonsson et al., 2015; Walter et al., 2015) and the biological 
significance of this transport is not yet fully understood.   
 Comparative analyses of the kinesin family among eukaryotes have revealed a 
number of interesting characteristics that distinguish the kinesin family in plant cells 
from animal cells. In addition to a larger total number of kinesins, unique, plant-
specific, kinesins with an armadillo repeat (ARM), a myosin tail (MyTH4), a 
malectin, and actin binding calponin homology (CH) domains, plus a number of 
‘orphan’ kinesins have been identified. Some of these ‘orphan’ kinesins are 
homologous to animal kinesins, but others have a more restricted distribution. For 
example, the kinesin-‘orphan’ III motor in plants (Shen et al., 2012) is homologous to 
human Kif12 and Drosophila KLP54D (Wickstead and Gull, 2006; Wickstead et al., 
2010b) (Table 1-1). However, members of the kinesin-‘orphan’ I and IV families are 
true orphans and have no animal homologs (Table 1-1). In contrast, many kinesin 
families can be found in animals that are not present in plants. The kinesin-3, -6, and -
11 families are excellent examples and members of these families are absent in plants. 
Of particular interest is the kinesin-14 family. In plants, this family is very 
large, with 21 members in Arabidopsis (Richardson et al., 2006) and fifteen in 
Physcomitrella (Shen et al., 2012) that can be grouped into six subfamilies, kinesin-
14 I through VI (Shen et al., 2012). In general, kinesin-14s are known for their c-
terminus motors and are implicated in minus-end directed transport in animal cells 
(Endow, 1999). Plant kinesin-14s not only have this typical c-terminus motor 
(kinesin-14 I and VI), but members of this family also have motors domains that are 




and III) (Reddy and Day, 2001; Lee and Liu, 2004; Shen et al., 2012). Unique 
domains not associated with animal kinesins are found in the non-motor regions of 
many of these proteins. Kinesin-14 II contains an actin binding CH domain that is 
important for crosslinking actin and microtubule arrays (Tamura et al., 1999; Preuss 
et al., 2004; Frey et al., 2009; Xu et al., 2009; Umezu et al., 2011), a function not 
associated with any animal kinesin. Kinesin-14 III has a glucose-binding malectin 
domain (Schallus et al., 2008) of unknown biological significance for the kinesin 
motor. As intriguing as these kinesins appear, perhaps the most bizarre is kinesin-14 
VI, also known as KCBP. This minus-end directed (Song et al., 1997) plant-specific 
(Abdel-Ghany et al., 2005) motor has a calmodulin-binding domain that negatively 
regulates its ability to bind microtubules (Narasimhulu et al., 1997; Deavours et al., 
1998). It is also considered to be ‘half myosin’ with MyTH4 and FERM domains 
located in the n-terminus, which are typically associated with myosin motors (Abdel-
Ghany et al., 2005). These domains are important for crosslinking microtubules, 
membrane material, and F-actin arrays (Narasimhulu and Reddy, 1998; Oliver et. al., 
1999; Tian, et al., 2015).  
Although many differences exist between plant and animal kinesin families, in 
all organisms these motors are important for regulating microtubule based transport 
and cytoskeletal dynamics during mitosis, cell morphogenesis, and ciliogenesis. In 
general, kinesins can be separated into two main groups based on function; kinesins 
that have roles during mitosis or cytokinesis, and those with functions outside of cell 




Plant cell division and mitotic kinesins 
  Plants must overcome a number of obstacles that are absent in animals in 
order to complete cell division. Firstly, plant cell mitosis occurs without the 
involvement of a focused centrosome to organize microtubule spindles. Secondly, 
plant cells lack cytoplasmic dynein, which is important for spindle alignment 
(McGrail and Hays, 1997; Busson et al., 1998; Sharp et al., 2000), microtubule 
focusing (Merdes et al., 2000; Quintyne et al., 2005), and kinetochore-spindle 
interactions (Howell et al., 2001; Wojcik et al., 2001; Varma et al., 2008; Howell et 
al., 2001). Thirdly, most vegetative plant cells are immotile and are surrounded by a 
rigid cell wall. The wall places special constraints upon cytokinesis and makes the 
selection of a division plane is especially important for cell morphology, cell fate 
determination, and the regulation of subsequent differentiation (Jürgens, 2000). In 
order to surmount these challenges, plant cells utilize two specialized microtubule 
arrays to guide the placement of the division plane and to form the cell plate that is 
responsible for partitioning of the forming daughter cells. These arrays are called the 
pre-prophase band (PPB) and the phragmoplast, respectively. The PPB is a belt-like 
array of microtubules that forms during the G2/M transition and encircles the cell in 
the area where the cell plate will later fuse with the plasma membrane (Dhonukshe et. 
al., 2003; Müller et. al., 2009; Rasmussen et. al., 2011). Upon nuclear envelope 
breakdown, the PPB disappears and the area is ‘remembered’ by positive and 
negative identification markers localized in an area known as the cortical division 
zone (CDZ) (Lipka and Müller, 2012). The phragmoplast is a non-overlapping array 




to allow vesicle fusion for cell plate formation, and to then align the plate in the CDZ 
during cytokinesis (Rasmussen et. al., 2011).  
Kinesin motor proteins regulate the localization and dynamics of the PPB and 
phragmoplast microtubule arrays, and other kinesins are important for chromosome 
alignment and for organizing the mitotic spindle. Most studies on the role of kinesins 
during mitosis in plant cells have been performed with Arabidopsis and 
Physcomitrella vegetative cells. In Arabidopsis 23 of the 61 kinesins (37.7%), are 
upregulated during mitosis (Vanstraelen et al., 2006). In a landmark study in 
Physcomitrella caulonema cells (Miki et al., 2014) the endogenous localization of all 
78 kinesins were tracked during cell division. It was found that 43 kinesins (55.1%) 
were associated with mitotic structures such as chromosomes, the kinetochore, 
spindle microtubules, and the phragmoplast (Table 1-2). Some of these kinesins 
appear to have conserved functions with their animal counterparts, though most do 
not, and the mechanism of action for many of these proteins remains unknown. 
Compared to what is known about animal kinesins, the current state of research on 




Table 1-2. Mitotic kinesins in Arabidopsis and Physcomitrella  
Phragmoplast associated kinesins 
Kinesin-4 AtFRA1 Transports Golgi-derived vesicles containing cell wall material along cortical 
microtubules (Zhong et al., 2002, Zhu et al., 2015). 
PpKinesin-4Ia Localizes to the phragmoplast equator during cytokinesis (Miki et al., 2014). 
 
Kinesin-7 II AtNACK Localizes to the phragmoplast equator and activates signaling required for cell plate 
formation by mediating phragmoplast microtubule based transportation (Ishikawa et 
al., 2002; Nishihama et al., 2002; Strompen et al., 2002; Soyano et al., 2003; 
Takahashi et al., 2010; Sasabe et al., 2012). 
PpKinesin-7 II Important for chromosome alignment, interdigitation of phragmoplast microtubules, 
and for phragmoplast expansion (Natio and Goshima, 2015).  
 
Kinesin-12 II AtPAKRP Localize to the plus end of phragmoplast microtubules during phragmoplast 
development and are needed to organize microtubules (Lee and Liu, 2000; Pan et 
al., 2004; Lee et al., 2007; Oh et al., 2012). 
PpKinesin12-IIa, -IIc, -IId Localize to the phragmoplast equator during cytokinesis (Miki et al., 2014). 
 




PpOrphan-IIa, -IIb Essential for the generation of interdigitated antiparallel microtubules in the 
phragmoplast (Hiwatashi et al., 2008). 
Spindle Assembly Kinesins 
Kinesin-5 AtKRP125 Required for organized spindle microtubules. Mutants show defects in the 
stabilization of anti-parallel microtubules (Bannigan et al., 2007). 
PpKinesin-5 Required for chromosome segregation and organized spindles (Miki et al., 2014). 
 
Kinesin-8 II PpKinesin-8 II Located at the midzone from prometaphse to cytokinesis (Miki et al., 2014). 
 
Kinesin-13 PpKinesin-13b and c Localize to microtubule midzone during metaphase and anaphase and to the 
phragmoplast equator during cytokinesis (Miki et al., 2014). 
 
Kinesin-14 I ATK1, ATK5 Required for spindle bipolarity, but not chromosome segregation. ATK5 participates 
in the capture of antiparallel microtubules to generate the force to align 
microtubules—spindle length, width, and integrity (Marcus et al., 2003;  
Ambrose and Cyr, 2007). 
 
PpKinesin-14 I Localizes to the midzone and intra-spindle region during metaphase, the spindle 




Kinetochore Associated Kinesins 
Kinesin-4 I PpKinesin-4 Ic Localizes to the nucleus, chromosomes, and midzone  (Miki et al., 2014). 
Kinesin-7 III PpKinesin-7 III Localized to the kinetochore from prophase to anaphase (Miki et al., 2014). 
Kinesins Important for Establishing and Maintaining Positional Information of the Pre-Prophase Band 
Kinesin-12 I 
 
AtPOK Recruited to the PPB and preserves the positional information (Lipka et al., 2014). 
Kinesin-14 VI 
 
AtKCBP KCBP interacts with AIR9, which is important for establishing the memory of the 
PPB (Buschmann et al., 2015). 
Kinesins Associated with Nuclear Positioning and Asymmetric Divisions 
Kinesin-14 II ATK4 Interacts with microtubules and actin filaments and is required for nuclear 




AtARK3 Accumulates at the PPB in a cell cycle dependent manner, but does not remain at the 
PPB, important for asymmetric division planes (Malcos and Cyr, 2011). 
 PpARK Drives nuclear migration during mitosis in moss. In mutants the nucleus fails to 
reach the center of the cell and there are no microtubule bundles around the nucleus 
(Miki et al., 2015). 
Kinesins with Potential Functions During Mitosis 





Kinesin-7 IV PpKinesin-7 IV Localizes to spindle and phragmoplast microtubules (Miki et al., 2014). 
 
Kinesin-8 I PpKinesin-8 Ia, b Weakly detected at the midzone during anaphase and cytokinesis (Miki et al., 2014). 
 
Kinesin-10 AtKinesin-10 Up-regulated during mitosis (Vanstraelen et al., 2006). 
 
Kinesin-13 AtKinesin-13A Depolymerizes microtubules and influences Golgi motility and distribution; alters 
cell wall structure (Lu et al., 2005; Wei et al., 2009; Fujikura et al., 2014). 
 
Kinesin-14 II PpKinesin-14 IIa, c Localizes to spindle poles during anaphase and cytokinesis (Miki et al., 2014). 
 
Kinesin-14 III PpKinesin-14 IIIa, b Localize to microtubules during all stages to mitosis (Miki et al., 2014). 
 
ARK PpARKa, b, c Localize to microtubules during all stages to mitosis (Miki et al., 2014). 
 
Orphan II PpOrphan-IIa, b Localized to the microtubule midzone during all stages of mitosis and regulate the 
turnover, directionality, and growth of microtubule bundles in the expansion zone 




The first step in plant cell division is the organization of the PPB. The PPB 
not only selects the division site, but also preserves the positional information of this 
area through the establishment of the CDZ. Kinesins are involved in various aspects 
of PPB formation and CDZ maintenance. In Arabidopsis two members of the kinesin-
12 I family, more commonly referred to as phragmoplast-orienting kinesin 1 and 2 
(POK1/2), are recruited to the PPB during prophase. POK1/2 remain in the CDZ area 
upon disassembly of the PPB and are required to retain TAN and RanGAP1, 
important markers of the CDZ, in that region of the cortical cytoplasm (Lipka et al., 
2014). Arabidopsis Kinesin-14 VI (KCBP) also localizes to the PPB where it interacts 
with AIR9, another important CDZ marker, and it too remains localized in the area 
throughout mitosis (Buschmann et. al., 2015). Surprisingly, mutations in the 
Arabidopsis KCBP gene only cause a minor defect in trichome branching and do not 
show any problems with cell division (Oppenheimer et al., 1997). Similarly, in 
Physcomitrella kinesin-14 VI is only weakly expressed near the nuclear envelope 
during cytokinesis and is not considered to play a role in mitosis (Miki et al., 2014). 
Due to the large number of kinesin-14s, functional redundancy could explain a 
seemingly confusing mixture of phenotypes. It remains unclear if additional kinesins 
are important for assembling the PPB or for facilitating the localization of CDZ 
markers through microtubule-based transport after the PPB microtubules disperse. 
In plant cells, asymmetric divisions are responsible for establishing cell fate 
and patterns of differentiation during development. Since the PPB is vitally important 
for marking the site of cytokinesis, the mechanisms that regulate the position of this 




necessary for ensuring the fidelity of asymmetric divisions. A member of the ARK 
family in Arabidopsis, ARK3/KINUA, localizes to the PPB, but does not remain 
there to mark the CDZ later in mitosis. Mutations in this kinesin show defects in 
stomatal development, which relies on asymmetric divisions for the formation of the 
guard cells in the epidermis (Malcos and Cyr, 2011). In Physcomitrella, ARK is 
required to drive nuclear migration. Mutations in this kinesin produce cells where the 
nucleus fails to reach the cell center and no microtubule bundles are visible around 
the nucleus during prophase (Miki et al., 2015). The Arabidopsis kinesin-14 II, 
ATK4, is also implicated in nuclear positioning during mitosis (Frey et al., 2010), 
although this motor is not associated with the formation of the PPB. The location of 
the nucleus is important for establishing polarity and typically the asymmetric 
localization of the nucleus precedes asymmetric divisions (De Rybel et al., 2010). 
Since little is known about the mechanisms that regulate nuclear positioning and 
asymmetric divisions, additional research is needed to determine the exact role of 
these kinesins in nuclear positioning, the establishment of the PPB, and in the guiding 
asymmetric divisions that underlie cell fate determination in plants. 
Once a division plane has been defined, a barrel-shaped spindle forms to align 
chromosomes at the metaphase plate and to ensure the fidelity of sister chromosome 
segregation. Like animal cells, the plant mitotic spindle consists of a bipolar 
antiparallel microtubule array. Microtubule plus ends are directed towards the center 
of the cell where they undergo rapid growth and shrinkage. However, unlike animal 
cells, plant cells lack a centrosome and therefore microtubules must ‘self-organize’ 




thought to arise through a Ran-based mechanism, where spindle microtubules are 
assembled in areas high in RanGTP and stabilized with spindle assembly factors that 
are localized in the spindle pole regions (Zhang and Dawe, 2011). Kineins-5 has been 
suggested as a likely component involved in the assembly of bipolar spindles, but 
recent evidence from Physcomitrella brings this assumption into question. In 
Arabidopsis kinesin-5 is required for the establishment of organized spindle 
microtubules. Without this kinesin, monopolar spindles, that are reminiscent of 
kinesin-5 mutants in animal cells, are present (Bannigan et al., 2007). Although 
Physcomitrella kinesin-5s are found at the spindle midzone, they are required for 
chromosome segregation and post-anaphase spindle assembly, rather than for the 
establishment of a bipolar spindle (Miki et al., 2014). Kinesin-14 I is also important 
for spindle assembly. In Arabidopsis, two members of the kinesin-14 I family are 
implicated in this process. ATK1 is necessary for spindle bipolarity (Marcus et al., 
2003) and ATK5 participates in the capture of antiparallel microtubules and is 
required for regulating spindle size and integrity (Ambrose et al., 2005; Ambrose and 
Cyr, 2007). Similarly, in Physcomitrella, kinesin-14 I localizes to the spindle 
microtubules (Miki et al., 2014). These functions are reminiscent of kinesin-14A, the 
animal homolog of kinesin-14 I, which is known as KIFC1 in mammals. This minus-
end directed motor is found at the spindle pole and midzone and functions in bipolar 
spindle organization (Cross and McAinsh, 2014). 
In animal cells, kinesin-4, -7, -8, -10, -13, and cytoplasmic dynein are all 
required for regulating microtubule-chromosome interactions (Cross and McAinsh, 




orientation on the metaphase plate, and sister chromosome separation (Anaphase A) 
and spindle elongation (Anaphase B) during anaphase. Kinesin-4, -7, and -10 are 
chromokinesins, so called for their motor activity and ability to directly bind 
chromosomes either at the kinetochore (kinesin-7) (Yen et al., 1991; Schaar et al., 
1997; Wood et al., 1997; Yao et al., 2000; Yardimci et al., 2007; Kim et al., 2008; Cai 
et al., 2009; Akera et al., 2015) or chromosome arms (kinesin-4 and -10) (Tokai et al., 
1996; Tokai-Nishizumi et al., 2005; Wu and Chen, 2008; Bieling et al., 2010). 
Kinesin-8 and -13 depolymerize microtubules and use this depolymerizing activity to 
aid in chromosome congression and segregation, respectively (Walczak et al., 1996; 
Maney et al., 1998; Desai et al., 1999; Kline-Smith et al., 2004; Rogers et al., 2004; 
Mayr et al., 2007; Varga et al., 2009; Wickstead et al., 2010a; Weaver et al., 2011). In 
plants, the kinesins that regulate mitotic chromosome movement remain enigmatic. 
Only one plant kinesin, kinesin-7 III, localizes to the kinetochore. One member of the 
kinesin-4 I family co-localizes with chromosomes throughout mitosis (Miki et al., 
2014). Plant kinesin-13 also depolymerizes microtubules (Lu et al., 2005; Wei et al., 
2009) and in Physcomitrella kinesin-13 and kinesin-8 II localize to the midzone 
throughout mitosis (Miki et al., 2014). These observations suggest conserved 
functions for particular kinesins, but additional functional assays are required to 
determine whether these localization patterns are linked to specific mitotic 
mechanisms; for example, Arabidopsis kinesin-13 has been shown to be important for 
Golgi localization and for cell wall structure, and not mitosis per se (Lu et al., 2005; 




The vast majority of animal cells undergo cytokinesis using a cleavage furrow 
that constricts the isthmus between the separating daughter cells. However, in plants, 
there is no constriction of an isthmus between daughters. Instead plant cells assemble 
a structure known as a cell plate. As anaphase nears completion in plant cells, the 
phragmoplast forms to facilitate the movement and fusion of vesicles containing wall 
material near the site of the former metaphase plate. As the vesicles fuse together, 
they form a large flattened vesicle that will ultimately fuse with the plasma membrane 
(at the CDZ) to create a partition between the daughter cells. The mechanisms 
responsible for cytokinesis differ in plant and animal cells and not surprisingly, the 
main kinesin associated with cytokinesis in animal cells, kinesin-6 (Vale et al., 2009; 
Janisch et al., 2013; Janisch and Dwyer, 2016), is absent in plants (Wickstead and 
Gull, 2006; Wickstead et al., 2010b; Shen et al., 2012). Many kinesins are found at 
the phragmoplast during cytokinesis, including members of the kinesin-4, -5, -7, -8, -
12, -13, -14, orphan-II, and orphan-IV families (Miki et al., 2014). The functions of 
only a few of these kinesins in phragmoplast assembly, expansion, and transport are 
currently known. Members of the kinesin-12 II family localize to microtubule plus-
ends during phragmoplast development in Physcomitrella (Miki et al., 2014) and 
Arabidopsis (Lee and Liu, 2000; Pan et al., 2004) and these kinesins are needed for 
organized phragmoplast expansion during cytokinesis (Lee et al., 2007; Oh et al., 
2012). Arabidopsis kinesin-7 II, NACK, is found at the phragmoplast equator where 
it activates a MAP kinase signaling cascade required for cell plate formation and 
phragmoplast expansion (Nishihama et al., 2002; Strompen et al., 2002; Soyano et al., 




orphan-II families are also implicated in phragmoplast microtubule based transport. 
Kinesin-7 II is a processive, plus-end directed motor required for NPK1 transport to 
the phragmoplast equator (Ishikawa et al., 2002; Nishihama et al., 2002; Naito and 
Goshima, 2015). Kinesin-orphan II contributes the organization of the phragmoplast 
during cytokinesis and is essential for the generation of interdigitated antiparallel 
phragmoplast microtubules (Lee et al., 2007; Hiwatashi et al., 2008; 2014). 
Although information about the function of these mitotic kinesins in other 
plant systems is important for comparative analysis, it is important to note that 
Marsilea male gametophytes are very different than Arabidopsis and Physcomitrella 
vegetative cells. The main difference is that Marsilea male gametes are capable of 
producing motile cilia, while vegetative cells of these plants are non-motile and do 
not make cilia. Also, the mechanisms of cell division are different. Arabidopsis uses a 
PPB and the phragmoplst to position the plane of cell division and to complete 
cytokinesis, respectively. Physcomitrella caulonemal cells do not use a PPB for 
division plane selection. Instead these cells use self-organized processes for division 
plane selection, spindle alignment, and phragmoplast assembly; many of which may 
be absent in plant cells that use the PPB (Lloyd and Chan, 2006; Bannigan et al., 
2008; Müller et al., 2009; Goshima and Kimura, 2010). It is therefore difficult to 
extrapolate the function of mitotic kinesins from Arabidopsis to Physcomitrella and 
to other plants. 
Plant kinesins function in intracellular transport and microtubule organization 
Both animal and plant kinesins are required for intracellular transport, 




information on processive kinesins in plants has exploded. During the past few years, 
the number of plant kinesins with predicted roles in intracellular transport has grown 
from only one, to at least four, and one other non-processive motor has also been 
implicated in this process. FRA1, a member of the kinesin-4 I family, was the first 
motor discovered in plants with the potential ability to transport cargo. Mutations in 
this kinesin resulted in disorganized cellulose microfibrils and a fragile cell wall. This 
phenotype provided evidence that FRA1 was involved in the transport of vesicles 
containing cell wall material (Zhong et al., 2002; Zhang et al., 2010). Evidence now 
suggests that FRA1 is functions as a plus-end directed processive motor that actively 
transports Golgi-derived vesicles containing cell wall polysaccharides along cortical 
microtubules for secretion (Zhu and Dixit, 2011; Zhu et al., 2015). Kinesin-7 IIb and 
ARK also exhibit plus-end directed motility. In vitro, FRA1 and kinesin-7 IIb move 
at about 400 nm/s (Zhu and Dixit, 2011; Natio and Goshima, 2015). This is a velocity 
similar to what has been recorded for other motile kinesins (Woehlke and Schliwa, 
2000). ARK is slower and moves along microtubules at about 200nm/s (Miki et al., 
2015). Kinesin-7 IIb is necessary for the transport of cargo along phragmoplast 
microtubules (Ishikawa et al., 2002; Nishihama et al., 2002). ARK is implicated in 
nuclear positioning in Physcomitrella (Miki et al., 2015), but in Arabidopsis the role 
of this motor is limited to in general microtubule organization (Jones et al., 2006; 
Yang et al., 2007; Sakai et al., 2008; Eng and Wasteneys, 2014). A clear role for 
ARK in intracellular transport has yet to be established.  
Adding to the growing list of plant kinesins with the potential to drive long 




recently been identified. In Physcomitrella, kinesin-14 VIb is able to drive processive 
retrograde transport after oligomerization, potentially replacing the function of 
cytoplasmic dynein in plant cells. In vitro, the oligomerized kinesin-14 VIb directs 
very fast transport, at about 600nm/s, and is sufficiently powerful to move 
experimentally introduced liposomes. However, without oligomerization, kinesin-14 
VIb was unable to direct microtubule-based transport, potentially questioning the in 
vivo transport capabilities of this kinesin (Jonsson et al., 2015). In rice, another 
member of the kinesin-14 family, KCH, also known as kinesin-14 II, was shown to 
transport actin filaments along microtubules (Walter et al., 2015). In Arabidopsis, 
kinesin-14 II is important for nuclear positioning (Frey et al., 2010). The ability for 
kinesin-14 II to transport actin along microtubules is likely to be important for this 
interaction and provides clues for the mechanisms that regulate nuclear localization. 
In plants, organelle transport and localization is mostly dependent on 
attachments between myosin motor proteins and actin (Sparkes, 2010); however, the 
actions of a few kinesin motors are known to be required. Arabidopsis kinesin-13A 
influences Golgi motility and distribution (Lu et al., 2005, Wei et al., 2009) and 
reduced activity of kinesin-13A leads to defects in cell wall structure (Fujikura et al., 
2014). This occurs through the preferential localization of kinesin-13A to 
depolymerized cortical microtubules to prevent cell wall deposition (Oda and Fukuda, 
2013a; 2013b). Exactly how Golgi morphology is linked to the construction of the 
cell wall by this kinesins remains unclear. Plant specific kinesin-14 V mediates 
chloroplast movement in response to light through the stabilization of cortical actin 




is dependent on actin dynamics. Since kinesin-14 V links microtubules to actin 
filaments in Arabidopsis and tobacco BY-2 cells (Klotz and Nick, 2012; Schneider 
and Nick, 2015), a conserved role for kinesin-14 V in chloroplast movement might 
exist, although it has only been definitively observed in Physcomitrella. 
In animal cells, kinesin and dynein motors mediate mitochondrial localization. 
MIRO, a RhoGTPase, binds to mitochondria and facilitates mitochondrial movement 
by kinesin-1 (KIF5) and dynein through interactions with the adaptor protein 
Milton/TRAK (Macaskill et al., 2009; Wang and Schwarz, 2009; Morlino et al., 
2014). Arabidopsis has three MIRO homologs that all localize to mitochondria and 
these proteins are involved in regulating mitochondrial morphology; however, no 
obvious homolog for Milton has been identified (Yamaoka and Leaver, 2008; 
Yamaoka et al., 2011). Therefore, although MIRO is conserved, this mechanism of 
mitochondrial movement may not exist in plants. Arabidopsis MKRP, a member of 
the kinesin-7 I family, is expressed in mitochondria via an n-terminus mitochondrial 
targeting signal (Itoh et al., 2001). A member of the kinesin-14 II family, AtKP1, also 
localizes to the mitochondria via a c-terminus domain that specifically interacts with 
the mitochondrial outer membrane protein, VDAC3 (Ni et al., 2005). Neither MKRP 
nor AtKP1 is currently implicated in mitochondrial localization. Instead AtKP1 and 
VDAC3 work together within the mitochondrion to regulate aerobic respiration 
during seed germination (Yang et al., 2011). The consequence of the 




Kinesins and ciliogenesis  
The most well studied non-mitotic kinesins in plants are those involved in 
ciliogenesis. Cilia consist of microtubule projections, called axonemes, which extend 
from a basal body situated in the cortical cytoplasm, and they extend outward from 
the cell surface where they are surrounded by a specialized membrane. The typical 
axoneme of motile cilia consists of nine parallel outer microtubule doublets in a 
cylinderical array that surround a central pair of single microtubules. The microtubule 
plus ends are oriented distally. Axoneme microtubules are nucleated from the basal 
body. This arrangement, known as the 9 + 2 arrangement, was first observed in the 
cilia of a fern sperm cell (Manton and Clarke, 1951) and is conserved in almost all 
organisms that possess motile cilia (Phillips, 1969; Ross and Robinson, 1969). 
Dynein arms attach to the outer microtubules and power motility through sliding 
interactions between adjacent doublets (Satir and Christensen, 2007). Ciliogenesis is 
the conserved process responsible for building both motile and sensory cilia.  
The green alga Chlamydomonas reinhardtii is a common model system used 
for studies on ciliogenesis and motility (Silflow and Lefebvre, 2001). The motility of 
this unicellular organism is powered by the action of two flagella (though they 
actually beat like cilia as the cell swims forward). Proteins important for the assembly 
and function of cilia and flagella are transported by the intraflagellar transport (IFT) 
complex to the distal ends of forming axonemes by members of the kinesin-2 family 
and transported proximally back to the cell body by IFT dynein, which is also 
referred to as dynein-1b or cytoplasmic dynein-2 (Kozminski et al., 1993; Rosenbaum 




2β, and a kinesin associated protein (KAP) important for cargo binding (Cole et al. 
1993, Wedaman et al. 1996; Takeda et al., 2000; Jimbo et al., 2002). Without FLA10, 
which is a member of the heterotrimeric kinesin-2 complex in Chlamydomonas, IFT 
is blocked and ciliary assembly is disrupted (Huang et al., 1977; Walther et al., 1994; 
Kozminski et al., 1995; Cole et al., 1998). Kinesin-2 also exists as a homodimer of 
two kinesin-2γ subunits (Signor et al., 1999). Kinesin-2γ, also known as OSM-3 or 
KIF17, has a distinct role in assembling cilia that is separate from heterotrimeric 
kinesin-2 and both types of kinesin-2 motors must work together for the biogenesis of 
sensory cilia (Perkins et al., 1986; Setou et al., 2000; Snow et al., 2004; Evans et al., 
2006; Imanishi et al., 2006; Pan et al., 2006).  
The first step in IFT is the recruitment and assembly of kinesin-2, IFT dynein, 
IFT particles, and the loading of cargo to the region where the basal body meets with 
the ciliary base (Deane et al., 2001). This region is known as the transition fiber. 
Next, kinesin-2 transports IFT particles containing cargo and IFT dynein towards the 
distal tip of the cilium. IFT particles are classified into two subcomplexes, IFT-A and 
IFT-B (Piperno and Mead, 1997; Cole et al., 1998; Ou et al., 2005). Both IFT-A and 
IFT-B consist of multiple IFT proteins and form large scaffolding complexes that 
bind the cargo necessary for ciliary assembly and function (Cole, 2003; Jekely and 
Arendt, 2006). The IFT-A subcomplex is necessary for returning IFT proteins to the 
cell body and the IFT-B subcomplex is indispensible for ciliogenesis (Piperno et al., 
1998; Iomini et al., 2001; Tsao and Gorovsky, 2008; Absalon et al., 2008). IFT46 and 
IFT27, which are components of the IFT-B subcomplex, are required for the transport 




et al., 2007; Ahmed et al., 2008). Once kinesin-2 and its multitude of cargo reach the 
tip of the cilium, a series of events termed ‘turnaround’ occur (Pedersen et al., 2008). 
During ‘turnaround’ kinesin-2 is inactivated and all its cargo is unloaded. IFT dynein 
then replaces kinesin-2 as the motor for retrograde transport and uptakes any cargo 
destined for the cell body. IFT dynein moves this cargo towards the base of the cilium 
where the IFT machinery is dissembled and recycled. 
In addition to kinesin-2, several other kinesins participate in ciliogenesis, 
although considerably less is known about their exact roles. In Chlamydomonas 
kinesin-like protein 1 (KLP1), a member of the kinesin-9A family, localizes to the 
central pair of microtubules in ciliary axonemes (Bernstein et al., 1994) where it is 
regulates the activity of flagellar dynein through interactions with Hydin (Yokoyama 
et al., 2004; Lechtreck and Witman, 2007). Hydin is a conserved protein that 
positions central pair microtubules and is necessary for motility in eukaryotes (Dawe 
et al., 2007; Lechtreck et al., 2008). Members of the kinesin-13 family regulate ciliary 
length during ciliogenesis. Mutations in kinesin-13 produce cilia that are either too 
long or too short, depending on the type of mutation and the organism used for 
analysis (Blaineau et al., 2007; Dawson et al., 2007; Piao et al., 2009; Chan and 
Ersfeld, 2010; Kobayashi et al., 2011; Delgehyr et al., 2012; Wang et al., 2013). 
These opposing phenotypes were reconciled in a recent study where kinesin-13 was 
found to function as an assembly-promoting factor in the cilia (Vasudevan et al., 
2014). The plant-specific kinesin-14 VI, KCBP, concentrates at basal bodies in 
Chlamydomonas. This kinesin is also enriched on cytoplasmic microtubules and in 




recently discovered ability of kinesin-14 VI to direct retrograde transport (Jonsson et 
al., 2015) might explain these localization patterns and define a role for KCBP during 
ciliogenesis.   
Although the mechanisms and motors involved in ciliogenesis are highly 
conserved in eukaryotes, the presence of motile cilia across land plants is not as 
uniformly distributed. In the transition from water-based to land-based life, many 
groups of organisms lost the ability to make cilia, including higher plants like conifers 
and angiosperms. The non-vascular bryophytes (mosses, liverworts, hornworts) are 
thought to be among the early land plants and their only ciliated cells are male 
gametes (Brown et al., 2015). Sporophytes of these plants do not produce ciliated 
cells. Similarly, seedless vascular plants such as ferns produce cilia only in their male 
gametes (Raven et al., 1999; Pryer et al., 2004). Selected members of the 
gymnosperms, namely, Ginkgo biloba, and the cycads produce ciliated male 
gametophytes. In these organisms pollen grains, which contains the sperm, are shed 
and carried by the wind to the ovule. Once attracted to the ovule, the pollen begins to 
develop and releases spermatozoids that transport themselves through the pollen tube 
to fertilize the ovule. It is ironic that these gametes may possess thousands of cilia, 
yet they swim extremely short distances in order to fuse with an egg cell (Wolniak et 
al., 2011). Kinesin-2, kinesin-9, and kinesin-‘orphan’ III are conspicuously absent in 
Arabidopsis but present in Physcomitrella, Chlamydomonas, and almost all other 
ciliated eukaryotes (Wickstead and Gull, 2006; Wickstead et al., 2010b). It is likely 
that Arabidopsis has lost these kinesins, plus other components of the IFT apparatus, 





The Purpose and Significance of this Dissertation 
With this dissertation, my goal is to provide evidence to show that kinesin 
motor proteins are essential for establishing cell fate and in regulating spermatid 
differentiation and ciliogenesis in the male gametophyte of Marsilea vestita. In 
Chapter 2, I begin by using transcriptome analysis and bioinformatics to identify and 
classify each of the kinesins present in the Marsilea male gametophyte. The kinesin 
superfamily has never been identified in a fern and although this analysis is limited to 
the transcriptome from the male gametophyte, it has proved to be a useful tool for 
comparative studies and evolutionary biology. Chapter 3 investigates how these 
kinesins motor proteins are involved in male gametophyte development in Marsilea. 
Transcriptome analysis shows that kinesin transcripts change in abundance during 
development and that transcripts that encode mitotic kinesins are abundant early in 
development, while transcripts that encode kinesins associated with ciliogenesis are 
abundant later, as the spermatids mature. Reverse genetic approaches confirmed this 
and demonstrated that the temporal regulation of kinesin transcript abundance 
changes directly correlates with protein function and with overarching cellular 
processes that occur during successive phases of gametophyte development. In 
Chapter 3, I provide evidence that kinesins are likely to play key roles in limiting the 
rate and extent of rapid development during both the mitotic and differentiation stages 
in the gametophyte. Chapter 4 focuses on how specific kinesins are important for 
spermatid differentiation. Particularly, I address the roles of kinesin-2 and kinesin-9 




aspects ciliogenesis and that their roles in forming the ciliary axonemes in Marsilea 
differ from those observed in Chlamydomonas. This is the first time the mechanisms 
that regulate ciliogenesis have been studied in a land plant. Chapter 5 continues this 
analysis by examining the presence of other important mediators of ciliogenesis and 
motility such as dynein and the IFT machinery. Transcriptome analysis shows that 
functional cilia are constructed without the help of IFT dynein, outer arm dynein, or 
the BBsome; although some of the IFT machinery is present. The Marsilea male 
gametophyte makes what appears to be the basic complement of proteins required for 




Chapter 2: Identification of 56 Kinesin-like Transcripts Present 
During Male Gametophyte Development in Marsilea vestita 
 
Note: The following has been partially adapted from Tomei and Wolniak, 
Cytoskeleton, 2016. DOI 10.1002/cm.21285. 
Introduction 
Plant cells contain a large and highly diverse variety of kinesin motor proteins 
The kinesin family of motor proteins consists of a large superfamily of 
microtubule binding proteins that use the energy from ATP hydrolysis to power the 
transport of cargo along microtubules and to organize large cytoskeletal arrays. 
Kinesin proteins are implicated in the processes that regulate microtubule dynamics 
during mitosis, intracellular transport, and ciliogenesis in all eukaryotic cells (Miki et 
al., 2005). The kinesin motor, or head, domain is highly conserved among members 
of this superfamily and contains both ATP and microtubule binding sites.  
The kinesin superfamily has been separated into fourteen distinct protein 
families, kinesin-1 through kinesin-14, based on alignments of the motor domains 
(Lawrence et al., 2004). The fourteen consistently accepted kinesin families come in 
three main flavors, those with N-terminal motor domains, those with C-terminal 
motors, and those with motor domains located in the middle of the protein. Typically, 
the direction of microtubule based movement correlates with the location of the motor 




terminal motor and, when processive, they generally move towards the plus end of 
microtubules. Traditional kinesin-14s have C-terminal motors and exhibit minus end 
directed motility along microtubules (Endow, 1999). Kinesin-13s are known for their 
centrally located motor domain. Kinesin-13s are not processive and instead these 
kinesins display microtubule-depolymerizing activity (Desai et al., 1999). Kinesin-8 
is also able to depolymerize microtubules, even though it has an N-terminal motor 
(Varga et al., 2006; Mayer et al., 2007; Varga et al., 2009). Most kinesins have a neck 
region adjacent to the motor that contains family specific features, a coiled coil region 
necessary for dimerization, and a tail region that is important for binding to cargo and 
accessory proteins. Unlike the motor and neck region, the tail region is highly 
divergent and contains a wide range of, often species-specific (Wickstead et al., 
2010b), domains necessary for protein-protein interactions. These regions direct the 
specific functions of individual kinesin motor proteins.  
In plants, the kinesin family is much larger than that in animal cells. For 
example, Arabidopsis thaliana, a flowering plant that is frequently used a model 
system in plant cell biology, has 61 kinesins (Reddy and Day, 2001) and the moss 
Physcomitrella patens has 78 (Shen et al., 2012; Miki et al., 2014). In comparison, 
mammals have only 40-50 kinesins (Miki et al., 2001). Much of the expansion of the 
kinesin superfamily in plants is found in the kinesin-14 family, which in Arabidopsis 
contains 21 members separated into six subgroups, and includes kinesins with N-
terminal, centrally located, and C-terminal motors. The current hypothesis is that the 
multitude of kinesin-14s in plants is required to compensate for the absence of 




hypothesis is limited and retrograde motility has only been observed in 
Physcomitrella kinesin-14 VI under strict in vitro conditions (Jonsson et al., 2015).  
Kinesins present in ciliated plants and the Marsilea male gametophyte 
Comparative analyses have shown that the kinesin family in plants contains 
many of the same families as animals, including kinesins involved in ciliogenesis and 
motility. Additional plant specific and ‘orphan’ kinesins are also present. One of the 
major adaptions during the evolution of plants is the ability to live and reproduce on 
land. Conifers and angiosperms do not make any ciliated cells, while lower plants 
such as ferns, mosses, and related groups produce ciliated male gametes (Raven et al., 
1999; Pryer et al., 2004; Brown et al., 2015) that swim to the female gametophyte for 
fertilization. So while ferns and mosses are adapted to life on land, they are still 
dependent upon water for fertilization. Kinesins involved in ciliogenesis are only 
found in plants that make ciliated cells such as the green alga Chlamydomonas 
(Richardson et al., 2006; Wickstead and Gull, 2006; Wickstead et al., 2010b), and 
embryophyte plants like the moss Physcomitrella (Shen et al., 2012), and the fern 
Marsilea (this chapter). Flowering plants like Arabidopsis do not have ciliated cells 
and kinesins involved in this process are absent (Reddy and Day, 2001). Although the 
literature on plant kinesins is growing, there currently exists a large gap in our 
understanding of the kinesin families in the embryophyte plants (which make ciliated 
gametes) and how the kinesin family has evolved with the adaption of plants to land. 
The full set of kinesins in ferns has never been analyzed and studies on the presence 
of the kinesins in ciliated plants have so far only been investigated in Physcomitrella 




Marsilea is a heterosporous semi-aquatic water fern with a sporophyte that 
resembles a four-leaf clover, typically found growing as an annual in vernal pools. As 
the sporophyte grows, it forms sporocarps (modified leaves) with sporangia that 
contain their meiotic products, megaspores and microspores, which are meiotic 
products. As the pools dry down during the summer, the spores mature and undergo a 
natural process of desiccation. The spores remain viable and quiescent for many years 
within the dry, hard sporocarps (Moran, 2004). After fracturing of the sporpcarp wall 
and upon rehydration, the megaspores develop into female gametophytes the 
microspores develop into male gametophytes, which produce egg cells and motile 
spermatozoids, respectively. I am interested in the processes that regulate male 
gametophyte development in Marsilea. In eleven hours, the male gametophyte 
transforms from a single undifferentiated cell to produce 32-corkscrew shaped motile 
spermatozoids, with each producing ~140 cilia (Sharp, 1914; Mizukami and Gall, 
1966; Myles, 1975; Myles and Hepler, 1977). During the first four to five hours after 
rehydration, a series of asymmetric and symmetric cell division cycles occur to 
produce seven sterile cells and two primary spermatogenous cells. These divisions are 
responsible for establishing cell fate. The spermatogenous initials undergo four more 
division cycles to generate two clusters of 16 spermatids. After the divisions are 
complete, each spermatid differentiates into a spirally shaped, multiciliated 
spermatozoid. Ciliogenesis takes place on basal bodies that are placed at regular 
intervals along a coiled microtubule ribbon. Eventually each spermatozoid breaks free 
from the microspore wall and swims in a shallow helix to female gametophytes that 




transcriptionally controlled. This means that transcription is not required for 
development and protein synthesis is instead regulated through transcript unmasking, 
splicing, and polyadenylation (Hart and Wolniak, 1998, 1999; Klink and Wolniak, 
2001; Tsai and Wolniak, 2001; Tsai et al., 2004; Van der Weele et al., 2007; Deeb et 
al., 2010; Boothby and Wolniak, 2011; Boothby et al., 2013) (for review of 
gametophyte development see Chapter 1; Wolniak et al., 2011; 2015). 
Next generation RNAseq and de novo transcriptome assembly were used to 
generate a reference transcriptome for the developing male gametophyte of Marsilea 
vestita. This transcriptome allows us to identify the presence and abundance of all 
transcripts throughout gametophyte development. For results presented here, I used 
the assembled reference transcriptome to analyze the diversity and abundance of 
kinesin transcripts that are present in the gametophyte during spermatogenesis. I 
found that the gametophyte produces 56 unique kinesin-like transcripts. This 
complement of kinesin mRNAs includes members of the kinesin-2, -4, -5, -7, -8, -9, -
10, -12, and -14 families, as well as several ‘orphan’ and plant specific kinesins. Like 
Physcomitrella and Chlamydomonas (Wickstead and Gull, 2006, Shen et al., 2012), 
Marsilea male gametophytes have kinesins associated with ciliogenesis such as 
members of the kinesin-2, -9, and ‘orphan’-III families present in the transcriptome. 
These kinesins are absent in Arabidopsis (Reddy and Day, 2001), which like all 
flowering plants do not make ciliated gametophytes. However, the kinesin family in 
Marsilea male gametophytes also resembles that of Arabidopsis, with an expanded 
group of kinesin-7s and a member of the kinesin-10 family, features which are absent 




family identified from this transcriptome analysis of Marsilea male gametophytes 
appears to be an intermediate between that of Physcomitrella and Arabidopsis.” 
 
Results 
Marsilea vestita has 56 kinesin-like transcripts 
In order to identify kinesins sequences present in the Marsilea male 
gametophyte, I searched the reference transcriptome with the conserved kinesin 
motor domain (PF00225). This led to the identification of 127 sequences that contain 
a kinesin motor domain (Table 2-1). As expected, many of these sequences were 
identical except for small regions and may represent splicing intermediates or 
different isoforms of the same transcript. By combining these sequences and 
eliminating sequences that only contained partial motor domains, I found that the 
male gametophyte of Marsilea contains 56 unique kinesin transcripts (Table 2-2). It is 
possible that Marsilea has additional kinesins in the genome; but I am interested in 
the mechanisms that regulate rapid development in the male gametophyte so this was 
not analyzed. Of these 56 kinesin transcripts, 95% (53/56) contain a complete coding 
sequence (CDS). The high percentage of kinesins identified with a complete CDS 





Table 2-1. 127 kinesin sequences from the Marsilea transcriptome that show 
similarity to the conserved kinesin motor domain (PF00225), e < 0.00001.  
 
Query Target Start End E-value Notes 
c38136_g1_i1 pfam00225 1537 2526 3.66E-143 Kinesin-12 
c26263_g1_i2 pfam00225 1946 2920 3.35E-142 Kinesin-4  
c28952_g1_i1 pfam00225 197 1198 2.56E-141 Kinesin-14 
c26263_g1_i1 pfam00225 2138 3112 5.31E-141 Kinesin-4 
c26263_g1_i3 pfam00225 2159 3133 7.11E-141 Kinesin-4 
c27395_g1_i2 pfam00225 775 1737 1.07E-140 Kinesin-14 
c18966_g1_i1 pfam00225 265 1266 1.16E-140 Kinesin-5 
c18966_g1_i2 pfam00225 265 1266 1.27E-140 Kinesin-5 
c18966_g1_i3 pfam00225 265 1266 1.81E-140 Kinesin-5 
c78627_g1_i1 pfam00225 2379 3389 1.15E-138 Kinesin-5 
c19072_g1_i1 pfam00225 1825 2826 8.35E-138 Kinesin-14 
c20463_g1_i2 pfam00225 1901 2860 9.23E-136 Kinesin-14 
c22572_g1_i1 pfam00225 1264 2238 5.27E-135 Kinesin-8 
c11421_g1_i1 pfam00225 610 1650 9.67E-134 Kinesin-4 
c68843_g1_i1 pfam00225 602 1624 1.22E-133 Kinesin-5 
c20463_g1_i1 pfam00225 1901 2860 5.03E-132 Kinesin-14 
c20463_g1_i3 pfam00225 1901 2860 1.82E-131 Kinesin-14 
c78943_g1_i1 pfam00225 1545 2549 2.76E-131 Kinesin-14 
c25940_g1_i1 pfam00225 2231 3235 2.80E-131 Kinesin-5 
c39013_g1_i1 pfam00225 566 1561 2.89E-131 Kinesin-14 
c21530_g1_i1 pfam00225 705 1709 2.41E-130 Kinesin-12 
c31868_g1_i1 pfam00225 1804 2760 5.87E-130 Kinesin-14  
c6848_g1_i1 pfam00225 608 1579 2.36E-129 Kinesin-7 
c2216_g1_i1 pfam00225 1400 2359 3.05E-129 Kinesin-14 




c23530_g1_i3 pfam00225 2847 3821 3.83E-129 Kinesin-7 
c23530_g1_i2 pfam00225 2859 3833 4.26E-129 Kinesin-7  
c19024_g1_i2 pfam00225 3411 4400 6.57E-129 Kinesin-12 
c2216_g1_i2 pfam00225 1400 2359 7.95E-129 Kinesin-14 
c19024_g1_i1 pfam00225 3411 4400 1.77E-128 Kinesin-12 
c19024_g1_i3 pfam00225 3411 4400 1.95E-128 Kinesin-12 
c22678_g1_i1 pfam00225 3112 4059 2.23E-128 Kinesin-7 
c31421_g1_i1 pfam00225 1508 2482 2.39E-128 Kinesin-8 
c78969_g1_i1 pfam00225 816 1805 8.32E-128 Kinesin-12 
c7540_g1_i2 pfam00225 1686 2645 9.36E-128 Kinesin-14 
c7540_g1_i1 pfam00225 1808 2767 2.08E-127 Kinesin-14 
c14624_g2_i1 pfam00225 2 844 8.96E-127 Partial CDS with motor domain 
c27395_g1_i3 pfam00225 1754 2716 1.77E-126 Kinesin-14 
c31183_g1_i4 pfam00225 622 1575 1.12E-125 ARK-LIKE 
c22572_g1_i4 pfam00225 1389 2363 3.59E-125 Kinesin-8 
c7137_g1_i2 pfam00225 1545 2534 3.97E-125 Kinesin-12, partial CDS 
c7137_g1_i1 pfam00225 1545 2534 4.20E-125 Kinesin-12, partial CDS 
c12285_g1_i2 pfam00225 1630 2586 4.58E-125 Kinesin-13 
c12285_g1_i1 pfam00225 1861 2817 7.05E-125 Kinesin-13 
c22572_g1_i3 pfam00225 1389 2363 1.02E-124 Kinesin-8 
c22572_g1_i2 pfam00225 1389 2363 1.09E-124 Kinesin-8 
c30896_g3_i2 pfam00225 663 1610 2.43E-124 Kinesin-14 
c30896_g3_i3 pfam00225 663 1610 3.02E-124 Kinesin-14  
c68831_g1_i1 pfam00225 908 1849 4.60E-124 Kinesin-7 
c78621_g1_i1 pfam00225 2223 3179 1.02E-123 Kinesin-14  
c16574_g1_i1 pfam00225 2836 3777 3.29E-123 Kinesin-7 
c30896_g3_i1 pfam00225 663 1610 9.38E-123 Kinesin-14 
c31064_g1_i1 pfam00225 1529 2494 2.56E-122 Kinesin-8  
c18391_g1_i2 pfam00225 1097 2038 5.80E-122 Kinesin-7  




c18391_g1_i1 pfam00225 1097 2038 1.87E-121 Kinesin-7  
c18951_g1_i2 pfam00225 2487 3551 2.75E-121 Kinesin-4  
c18951_g1_i1 pfam00225 2500 3564 3.17E-121 Kinesin-4  
c31183_g1_i9 pfam00225 1567 2604 1.14E-120 ARK-LIKE 
c31183_g1_i5 pfam00225 1785 2822 2.14E-119 ARK-LIKE 
c24958_g1_i2 pfam00225 2677 3738 5.99E-119 Kinesin-4, partial CDS 
c24958_g1_i1 pfam00225 2746 3807 7.85E-119 Kinesin-4, partial CDS 
c26633_g1_i1 pfam00225 1189 2211 8.57E-119 ARK 
c26633_g1_i2 pfam00225 1189 2211 9.48E-119 ARK 
c26419_g1_i1 pfam00225 2159 3148 1.51E-118 Kinesin-7  
c11234_g1_i1 pfam00225 982 2001 4.96E-116 ARK 
c31183_g1_i15 pfam00225 1567 2583 1.29E-115 ARK-LIKE 
c18991_g1_i1 pfam00225 2217 3194 2.47E-115 Kinesin-7  
c31183_g1_i10 pfam00225 1567 2505 1.67E-114 ARK-LIKE 
c28098_g1_i1 pfam00225 1212 2153 3.49E-114 Kinesin-14  
c28098_g1_i3 pfam00225 1212 2153 6.32E-114 Kinesin-14 
c21618_g1_i1 pfam00225 2273 3235 6.46E-114 Kinesin-7  
c28098_g1_i4 pfam00225 1212 2153 7.87E-114 Kinesin-14  
c28098_g1_i2 pfam00225 1212 2153 1.66E-113 Kinesin-14  
c28098_g1_i5 pfam00225 1212 2153 3.11E-113 Kinesin-14  
c28048_g1_i1 pfam00225 2323 3282 4.26E-113 Kinesin-7  
c28048_g1_i2 pfam00225 2335 3294 4.69E-113 Kinesin-7  
c21627_g1_i2 pfam00225 1295 2251 4.37E-108 Kinesin-13 
c21627_g1_i1 pfam00225 1419 2375 5.74E-108 Kinesin-13 
c31427_g1_i6 pfam00225 2131 3087 8.37E-108 Kinesin-7  
c28256_g1_i1 pfam00225 146 1147 3.88E-107 Kinesin-9 
c31427_g1_i4 pfam00225 2131 3087 5.23E-107 Kinesin-7 
c49008_g1_i1 pfam00225 616 1623 6.04E-107 Orphan-III 
c31427_g1_i2 pfam00225 2212 3183 8.69E-107 Kinesin-7 II 




c31183_g1_i12 pfam00225 1567 2406 8.04E-104 ARK-LIKE 
c31183_g1_i1 pfam00225 1567 2406 9.27E-104 ARK-LIKE 
c31183_g1_i11 pfam00225 1567 2406 5.87E-103 ARK-LIKE 
c31183_g1_i2 pfam00225 1716 2657 7.87E-103 ARK-LIKE 
c14986_g1_i1 pfam00225 958 1755 1.38E-102 Kinesin-14 V, partial CDS 
c31373_g1_i1 pfam00225 1018 1782 1.61E-101 Partial Motor Domain 
c31833_g1_i1 pfam00225 524 1513 2.39E-93 Kinesin-10 
c42178_g1_i1 pfam00225 443 1147 1.16E-92 Partial Motor Domain 
c26386_g1_i1 pfam00225 2 685 2.96E-90 Partial Motor Domain 
c24006_g1_i1 pfam00225 1871 2851 4.43E-90 Kinesin-12 I 
c19861_g1_i2 pfam00225 2508 3212 8.72E-88 Partial Motor Domain 
c19861_g1_i1 pfam00225 2544 3248 1.13E-87 Partial Motor Domain 
c743_g1_i2 pfam00225 239 1207 1.04E-85 Kinesin-9 
c743_g1_i1 pfam00225 338 1306 1.48E-85 Kinesin-9 
c25940_g1_i2 pfam00225 2479 3243 6.83E-85 Kinesin-5 
c21605_g1_i1 pfam00225 286 1275 2.00E-79 Kinesin-2 
c27395_g1_i1 pfam00225 1754 2725 8.94E-79 Kinesin-14 
c31724_g2_i1 pfam00225 2968 3897 1.05E-78 Kinesin-14  
c31724_g2_i2 pfam00225 3020 3949 1.11E-78 Kinesin-14  
c28127_g1_i3 pfam00225 428 1654 1.24E-73 Gap in motor domain 
c28127_g1_i2 pfam00225 428 1654 4.58E-73 Gap in motor domain 
c28127_g1_i1 pfam00225 428 1654 5.15E-73 Gap in motor domain 
c31895_g1_i1 pfam00225 2163 3056 6.53E-71 Orphan-II 
c82882_g1_i1 pfam00225 579 1109 2.83E-68 Partial Motor Domain 
c31183_g1_i6 pfam00225 2019 2696 3.11E-67 ARK-LIKE 
c31183_g1_i3 pfam00225 2033 2710 3.30E-67 ARK-LIKE 
c12304_g1_i1 pfam00225 1082 2038 6.08E-62 Kinesin-13 
c26765_g2_i1 pfam00225 1390 2373 1.27E-60 Orphan-IV 
c12584_g1_i1 pfam00225 3 278 1.19E-48 Partial Motor Domain 




c31373_g2_i1 pfam00225 3741 3989 1.11E-35 Partial Motor Domain 
c572_g1_i1 pfam00225 5 226 4.09E-33 Partial Motor Domain 
c31183_g1_i14 pfam00225 1567 1818 8.43E-32 ARK-LIKE 
c26386_g2_i1 pfam00225 4 276 3.64E-29 Partial Motor Domain 
c11638_g1_i1 pfam00225 745 1020 4.44E-29 Partial Motor Domain 
c14986_g3_i1 pfam00225 4 159 6.69E-27 Partial Motor Domain 
c28098_g1_i6 pfam00225 1993 2250 4.00E-26 Kinesin-14 
c56625_g1_i1 pfam00225 3 221 6.68E-24 Partial Motor Domain 
c48167_g1_i1 pfam00225 4 204 2.24E-21 Partial Motor Domain 
c45811_g1_i1 pfam00225 2 226 2.23E-19 Partial Motor Domain 
c39901_g1_i1 pfam00225 2 241 2.23E-09 Partial Motor Domain 





Table 2-2. Fifty-six kinesin transcripts in the Marsilea male gametophyte, annotated 
Accession Kinesin Len ORF KISc  e-value 
KT986231 ARKa 4793 958-3948 1189-2211 1.12E-119 
KT986232 ARKb 4491 718-3519 982-2001 5.07E-117 
KT986233 ARKc 4106 1164-3626 1308-2324 3.37E-106 
KT986234 ARK-LIKE 3164 172-2490 343-1380 1.85E-129 
KT986235 Kinesin2 5448 103-2520 286-1275 2.67E-158 
KT986236 Kinesin4-Ia 4304 1962-4304, partial 2127-3188 6.69E-119 
KT986237 Kinesin4-Ib 3990 163-3624 427-1491 1.95E-133 
KT986238 Kinesin4-Ic 5451 496-4851 610-1650 1.22E-134 
KT986239 Kinesin4-II 3285 312-2807 366-1340 1.30E-143 
KT986240 Kinesin5a 3753 181-3210 265-1266 3.70E-142 
KT986241 Kinesin5b 3945 615-3719 711-1715 1.97E-132 
KT986242 Kinesin5c 4420 491-3180 602-1624 1.12E-134 
KT986243 Kinesin5d 3601 165-3063 213-1223 5.58E-140 
KT986244 Kinesin7-Ia 4528 665-3829 1097-2038 9.55E-123 
KT986245 Kinesin7-Ib 4702 632-4240 908-1849 8.44E-125 
KT986246 Kinesin7-Ic 4701 583-4056 925-1866 8.87E-137 
KT986247 Kinesin7-Id 5094 754-4428 1036-1983 5.47E-143 
KT986248 Kinesin7-IIa 4049 774-3551 963-1919 1.08E-107 
KT986249 Kinesin7-IIb 4017 610-3456 706-1683 1.55E-151 
KT986250 Kinesin7-IIc 3522 224-3193 329-1306 2.01E-116 
KT986251 Kinesin7-IId 3368 161-3010 221-1210 1.01E-119 
KT986252 Kinesin7-IIe 3596 275-3166 362-1324 5.84E-115 
KT986253 Kinesin7-III 4400 570-3797 594-1568 3.62E-130 
KT986254 Kinesin7-IV 3676 584-3295 608-1579 1.46E-130 
KT986255 Kinesin8-I 4422 1472-2319 1529-2494 3.65E-123 
KT986256 Kinesin8-IIa 3176 71-2697 695-1669 1.14E-129 
KT986257 Kinesin8-IIb 3470 694-2802 1264-2238 1.60E-136 




KT986259 Kinesin9B 3305 107-3133 146-1147 3.45E-108 
KT986260 Kinesin10 3106 359-2608 524-1513 3.03E-94 
KT986261 Kinesin12-Ia 5572 537-5246 1173-2162 1.12E-128 
KT986262 Kinesin12-Ib 3650 664-2982 823-1761 1.40E-117 
KT986263 Kinesin12-Ic 4148 825-4148, partial 1545-2534 2.89E-133 
KT986264 Kinesin12-Id 5810 255-5465 816-1805 8.73E-128 
KT986265 Kinesin12-Ie 6169 952-5787 1537-2526 3.14E-143 
KT986266 Kinesin12-II 5802 264-4613 705-1709 2.05E-130 
KT986267 Kinesin13a 3611 434-2872 1082-2038 1.60E-115 
KT986268 Kinesin13b 4902 1210-3651 1843-2817 8.25E-166 
KT986269 Kinesin13c 5991 819-3578 1419-2375 4.87E-108 
KT986270 Kinesin14-Ia 3366 423-2843 1806-2801 1.50E-132 
KT986271 Kinesin14-Ib 3130 225-2624 1545-2549 1.21E-132 
KT986272 Kinesin14-Ic 3225 463-2886 1825-2826 2.24E-139 
KT986273 Kinesin14-IIa 4103 500-3343 1901-2860 3.85E-133 
KT986274 Kinesin14-IIb 4912 553-4185 2146-3105 4.92E-142 
KT986275 Kinesin14-IIc 4836 558-4397 2223-3179 2.30E-124 
KT986276 Kinesin14-IId 3968 80-3607 1754-2716 1.44E-127 
KT986277 Kinesin14-IIIa 4693 733-4374 2335-3294 8.15E-143 
KT986278 Kinesin14-IIIb 3838 218-3409 1079-2035 3.98E-131 
KT986279 Kinesin14-IV 3830 1315-3453 1678-2619 3.37E-125 
KT986280 Kinesin14-V 5298 895-4956 1402-2331 1.21E-87 
KT986281 Kinesin14-VIa 4970 586-4458 3361-4308 1.29E-136 
KT986282 Kinesin14-VIb 1755 40-1755, partial 958-1755 4.20E-104 
KT986283 Orphan-I 2384 293-2131 731-1957 7.46E-74 
KT986284 Orphan II 3761 466-3468 706-1599 6.05E-78 
KT986285 Orphan III 3786 508-2490 616-1623 4.34E-108 





I next constructed a phylogenetic tree to determine the complement of 
kinesins present in the gametophyte (Figure 2-1). To construct the tree, I used the 
conserved motor domain from all 56 kinesins found in Marsilea plus the entire 
kinesin families in Arabidopsis thaliana and Physcomitrella patens. I chose to use 
kinesins in Arabidopsis and Physcomitrella for comparison because in both these 
organisms the kinesin family has been has been previously characterized (Reddy and 
Day, 2001; Shen et al., 2012, Miki et al., 2014). A genome for the lycophyte 
Selaginella was recently completed (Banks et al., 2011), however, the kinesin family 
not been completely characterized and therefore Selaginella was not included in this 
analysis. Only the conserved kinesin motor domain from each protein was used for 
multiple sequence alignment (MSA) and subsequent tree building (Appendix I-1). To 
help identify well-known kinesin family groups, a representative member from each 
kinesin family in humans was also included in the phylogenetic analysis (Table 2-3).   
The most widely accepted kinesin nomenclature (Lawrence et al., 2004), 
adapted and used for studies on plant kinesins (Shen et al., 2012) is also used here to 
describe the kinesin family in Marsilea. I found that the male gametophyte of 
Marsilea has members of the kinesin-2, -4, -5, -7, -8, -9, -10, -12, and -14 families, as 
well as several ‘orphan’ and plant specific kinesins, such as members of the armadillo 
repeat containing kinesin (ARK) family (Figure 2-1, Table 2-3). This complement of 
kinesins is similar to those found in other plants that produce ciliated spermatozoids, 
like Physcomitrella (Shen et al., 2012). The absence of traditional kinesin-3, -6, and -
11 plus a large, diverse group of kinesin-14s is common feature among many plant 




To emphasize the importance of the kinesin family during gametogenesis, I 
also searched for dynein transcripts in the transcriptome. I found inner arm dynein 
transcripts and several sequence fragments with low similarity to IFT dynein; 
however, no transcripts were found that encode cytoplasmic dynein or outer arm 
axonemal dynein (see Appendix I for additional details and figures). Therefore it is 
likely that dynein plays a role in the motility of axonemens, but other motor proteins 
must compensate for the action of cytoplasmic dynein-1 during mitosis and 
intracellular transport. An alternative view is that other dyneins are present in the 
gametophyte as stored proteins, and completely absent as mRNAs explaining their 




Figure 2-1. The kinesin family in Marsilea. Part 1 of 2. Maximum likelihood phylogenetic tree constructed with kinesin motor 








Table 2-3. Kinesins from Humans, Arabidopsis, and Physcomitrella used to build a phylogenetic tree (Tomei and Wolniak, 2016). 
Human Kinesins Arabidopsis Kinesins Physcomitrella Kinesins 
Accession  Kinesin  Accession  Kinesin  Accession  Kinesin Name 
NP_004512 HsKinesin1—KIF5B AT3G63480 AtKinesin1 Phypa_425592 PpKinesin2 
NP_001287720 HsKinesin2—KIF3A AT5G47820 AtKinesin4—FRA1 Phypa_437833 PpKinesin4-Ia 
NP_001116291 HsKinesin2—KIF17 AT3G50240 AtKinesin4 Phypa_438737 PpKinesin4-Ib 
NP_001230937 HsKinesin3—KIF1A AT5G60930 AtKinesin4 Phypa_432365 PpKinesin4-Ic 
NP_036442 HsKinesin4—KIF4A AT2G36200 AtKinesin5—KRP125c Phypa_453193 PpKinesin4-Id 
NP_001166935 HsKinesin4—KIF21A AT3G45850 AtKinesin5 Phypa_441211 PpKinesin4-Ie 
NP_060046 HsKinesin4—KIF27 AT2G28620 AtKinesin5 Phypa_447296 PpKinesin4-IIa 
NP_004514 HsKinesin5—KIF11 AT2G37420 AtKinesin5 Phypa_433281 PpKinesin4-IIb 
NP_612565 HsKinesin6—KIF23 AT1G21730 AtKinesin7-I—MKRP1 Phypa_446183 PpKinesin4-IIc 
NP_001804 HsKinesin7—KIF10 AT4G39050 AtKinesin7-I—MKRP2 Phypa_457162 PpKinesin5-a 
NP_694941 HsKinesin8—KIF19 AT2G21380 AtKinesin7-I Phypa_447260 PpKinesin5-b 
NP_071737 HsKinesin9—KIF9 AT3G12020 AtKinesin7-I Phypa_425536 PpKinesin5-c 
NP_659464 HsKinesin9—KIF6 AT5G06670 AtKinesin7-I Phypa_423604 PpKinesin5-d 
NP_015556 HsKinesin10—KIF22 AT1G18370 AtKinesin7-II—NACK1 Phypa_447411 PpKinesin7-Ia 
 NP_056471 HsKinesin11—KIF26A AT3G43210 AtKinesin7-II—NACK2 Phypa_437231 PpKinesin7-Ib 




NP_006836 HsKinesin13—KIF2C AT3G51150 AtKinesin7-II Phypa_432536 PpKinesin7-IIb 
NP_919289 HsKinesin13—KIF24 AT5G66310 AtKinesin7-II Phypa_454208 PpKinesin7-IIc 
NP_002254 HsKinesin14A—KIFC1 AT4G24170 AtKinesin7-II Phypa_426030 PpKinesin7-III 
NP_005541 HsKinesin14B—KIFC3 AT5G42490 AtKinesin7-II Phypa_452429 PpKinesin7-IVa 
  AT2G21300 AtKinesin7-II—CENPE Phypa_453903 PpKinesin8-Ia 
  AT3G10180 AtKinesin7-III Phypa_424121 PpKinesin8-Ib 
  AT1G59540 AtKinesin7-IV—ZCF125 Phypa_458481 PpKinesin8-II 
  AT3G49650 AtKinesin8-I Phypa_458410 PpKinesin9-a 
  AT1G18550 AtKinesin8-II Phypa_425498 PpKinesin9-b 
  AT5G02370 AtKinesin10 Phypa_428375 PpKinesin9-c 
  AT5G23910 AtKinesin10 Phypa_444072 PpKinesin12-Ia 
  AT3G17360 AtKinesin12-I—POK1 Phypa_440218 PpKinesin12-Ib 
  AT3G19050 AtKinesin12-I—POK2 Phypa_442090 PpKinesin12-Ic 
  AT3G44050 AtKinesin12-I Phypa_437562 PpKinesin12-Id 
  AT4G14150 AtKinesin12-II—PAKRP1 Phypa_434464 PpKinesin12-Ie 
  AT3G23670 AtKinesin12-II—PAKRP1L Phypa_432190 PpKinesin12-If 
  AT3G20150 AtKinesin12-II Phypa_432169 PpKinesin12-Ig 
  AT3G16060 AtKinesin13 Phypa_454564 PpKinesin12-Ih 




  AT4G21270 AtKinesin14-I—ATK1 Phypa_445541 PpKinesin12-Ij 
  AT4G27180 AtKinesin14_I—ATK Phypa_422406 PpKinesin12-Ik 
  AT5G54670 AtKinesin14-I—ATK3 Phypa_431567 PpKinesin12-Il 
  AT4G05190 AtKinesin14-I—ATK5 Phypa_453302 PpKinesin12-Im 
  AT5G41310 AtKinesin14-II Phypa_426336 PpKinesin12-In 
  AT1G63640 AtKinesin14-II Phypa_437642 PpKinesin12-Io 
  AT1G18410 AtKinesin14-II Phypa_455320 PpKinesin12-Ip 
  AT1G73860 AtKinesin14-II Phypa_422514 PpKinesin12-IIa 
  AT3G44730 AtKinesin14-II—KP1 Phypa_422285 PpKinesin12-IIb 
  AT1G09170 AtKinesin14-II Phypa_440124 PpKinesin12-IIc 
  AT5G27000 AtKinesin14-II—ATK4 Phypa_428714 PpKinesin12-IId 
  AT2G47500 AtKinesin14-II Phypa_438664 PpKinesin13-a 
  AT3G10310 AtKinesin14-II Phypa_427794 PpKinesin13-b 
  AT2G22610 AtKinesin14-III Phypa_456175 PpKinesin13-c 
  AT1G72250 AtKinesin14-III Phypa_439730 PpKinesin14-Ia 
  AT5G27550 AtKinesin14-III Phypa_438782 PpKinesin14-Ib 
  AT5G27950 AtKinesin14-IV Phypa_43060 PpKinesin14-IIa 
  AT1G55550 AtKinesin14-IV Phypa_439319 PpKinesin14-IIb 




  AT5G65460 AtKinesin14-V—KCA2 Phypa_441550 PpKinesin14-IId 
  AT5G65930 AtKinesin14-VI—KCBP Phypa_459874 PpKinesin14-IIIa 
  AT3G54870 AtARK—ARK1 Phypa_424496 PpKinesin14-IIIb 
  AT1G01950 AtARK—ARK2 Phypa_435249 PpKinesin14-IV 
  AT1G12430 AtARK—ARK3 Phypa_43782 PpKinesin14-Va 
  AT4G14330 AtOrphan-II—PAKRP2 Phypa_435597 PpKinesin14-Vb 
  AT1G20060 AtOrphan-IV Phypa_439249 PpKinesin14-VIa 
    Phypa_450599 PpKinesin14-VIb 
    Phypa_428061 PpKinesin14-VIc 
    Phypa_458819 PpKinesin14-VId 
    Phypa_455498 PpARK-a 
    Phypa_453488 PpARK-b 
    Phypa_425827 PpARK-c 
    Phypa_427907 PpARK-d 
    Phypa_446331 PpARK-LIKE 
    Phypa_431083 PpOrphan-IVa 
    Phypa_451243 PpOrphan-IVb 




Searching for kinesin-1 architecture in Marsilea 
My initial analysis of the kinesin family in Marsilea did not reveal any 
transcripts that encode members of the kinesin-1 family. This is not entirely 
surprising since conclusive evidence for the presence of kinesin-1 in Physcomitrella 
is lacking (Wickstead and Gull, 2006; Shen et al., 2012) and the kinesin-1 identified 
in Arabidopsis and rice fails to function in a way that resembles its animal counterpart 
(Zhou et al., 2011; Wang et al., 2014). Gene models from Physcomitrella suggest that 
kinesin-1 and ARK-LIKE have similar structures (Shen et al., 2012). It is therefore 
possible that ARK-LIKE kinesin in Physcomitrella and Marsilea is a divergent 
version of the kinesin-1 present in Arabidopsis. To test this hypothesis, I constructed 
a new multiple sequence alignment (Appendix I-2) and a phylogenetic tree (Figure 2-
2) that compares the motor domain of previously identified kinesin-1 proteins in 
Arabidopsis and Chlamydomonas plus members of the ARK-LIKE, ‘orphan’ I, and 
‘orphan’ IV families in Arabidopsis, Marsilea, Selaginella, and Physcomitrella. I 
used these additional kinesins for comparison to determine if these orphaned kinesins 
are also share similarity to identified kinesin-1 sequences.  
Using this analysis, I confirmed my previous observations that kinesin-1 and 
ARK-LIKE represent different kinesin families and that kinesin-1 does not exist in 
the transcriptome of the male gametophyte of Marsilea (Figure 2-2). However, in this 
analysis, I was able to align a kinesin in Physcomitrella (Phypa_451243) that was 
previously identified as a member of the kinesin-‘orphan’ IV family (Shen et al., 
2012) with the kinesin-1 family, confirming earlier findings (Wickstead and Gull, 




of the kinesin-1 family (Cre13.g588600.t1.1), more closely resembles members of the 
ARK-LIKE family, suggesting that kinesin-1 and ARK-LIKE do in fact share similar 
features. Two sequences previously identified as kinesin-‘orphan’ IV in 
Physcomitrella (Shen et al., 2012) cluster separately from kinesin-‘orphan’ IV 
sequences in Marsilea and Arabidopsis (Figure 2-2). This echoes findings in my 
original phylogenetic tree (Figure 2-1) where Physcomitrella kinesin-‘orphan’ IVa 
(Phypa_431083) groups with kinesin-4 I and kinesin-‘orphan’ IVc (Phypa_437822) 





Figure 2-2. The male gametophyte of Marsilea does not make any transcripts that 
encode members of the kinesin-1 family. A phylogenetic tree of kinesin-1, ARK, 
ARK-LIKE, ‘orphan’-I, and ‘orphan’-IV sequences from Arabidopsis, Marsilea, 
Selaginella, Physcomitrella, and Chlamydomonas was constructed and used to 
determine if Marsilea contains kinesin-1. Kinesin-1 and ARK-LIKE represent 
different families and motors previously as members of the ‘orphan’-IV family in 




Comparative analysis of the kinesin family in Marsilea to other plants 
The kinesin family in the male gametophyte of Marsilea resembles those in 
Arabidopsis, Physcomitrella, and Chlamydomonas but in different ways (Figure 2-3). 
Arabidopsis is a flowering plant that lacks centrioles and never makes ciliated cells; 
instead, its male gametophyte (pollen) extends a tube that allows amoeboid sperm 
cells to approach the egg. The moss Physcomitrella exists mainly as a gametophyte, 
and, makes large numbers of spermatozoids in each antheridium. However, unlike 
Marsilea, each spermatozoid in Physcomitrella has two ciliary axomemes (often 
incorrectly referred to as flagella), as opposed to the roughly 140 found on each 
Marsilea spermatozoid. It is important to note that centrioles are absent from 
vegetative cells, and ciliogenesis, which is restricted to the spermatids, requires the de 
novo the formation of basal bodies in a particle known as the blepharoplast (Mizukani 
and Gall, 1966; Hepler, 1976; Pryer et al., 2004; Wolniak et al., 2011, 2015). Unlike 
Arabidopsis, Marsilea, and Physcomitrella, Chlamydomonas is not a land plant. 
Instead, Chlamydomonas is a biflagellate green alga that is frequently used for studies 
on ciliogenesis and motility.  
To compare the kinesin family in Marsilea to these organisms, I constructed a 
chart that separates these species by major events in evolution (Prigge and Bezanilla, 
2010). These categories include land plants (Arabidopsis, Marsilea, and 
Physcomitrella), plants that have ciliated cells (Marsilea, Physcomitrella, and 
Chlamydomonas), plants that are only ciliated as male gametophytes (Marsilea and 
Physcomitrella), and vascular plants (Arabidopsis and Marsilea) (Figure 2-3A). 




The absence of these kinesins is common among plants (Richardson, 2006). Kinesin 
families restricted to land plants include members of the kinesin-8 II, -14 IV, -14V, 
ARK, ‘orphan’ II, and ‘orphan’ IV families. Of these, ARK is the most well studied 
and is implicated regulating asymmetric division planes (Malcos and Cyr, 2011) and 
in nuclear positioning (Miki et al., 2015). Kinesin-2, kinesin-9, and ‘orphan’ III are 
only found in organisms that construct cilia (Wickstead and Gull, 2006; Wickstead et 
al., 2010b; Shen et al., 2012). My analysis confirms these results and adds kinesin-4 
II and ARK-LIKE as additional kinesin that are restricted to ciliated organisms 
(Figure 2-3). Many of these kinesins and are not expressed in in Physcomitrella 
caulonemal cells (Miki et al., 2014) suggesting a role for them in the male 
gametophyte, possibly during ciliogenesis. 
Kinesin-17 is also generally associated with ciliated organisms (Wickstead 
and Gull, 2006); however, transcripts that encode kinesin-17 are absent in Marsilea 
and Physcomitrella. These organisms are only ciliated as male gametophytes and 
contain members of the ‘orphan’ I family, which is absent in Chlamydomonas (Figure 
2-3). From these results it is possible that the construction of ciliated male 
gametophytes requites a slightly different complement of kinesins than building cilia 
in algae.  
Two kinesins, kinesin-10 and kinesin-‘orphan’ IV, are restricted to 
Arabidopsis and Marsilea (Figure 2-3). This suggests that kinesin-10 and kinesin-
‘orphan’ IV have evolved in higher plants to perform functions that are perhaps 
specific to vascular plants. Members of the kinesin-4, -5, -7I, -7II, -7III, -7IV, -8I, -




likely represent the basic complement of kinesins found in green plants (Figure 2-3).  
In addition to these general comparisons, the size of the kinesin family is also 
important. Arabidopsis, Chlamydomonas, and Marsilea all have a reduced group of 
kinesin-12s, compared to Physcomitrella. Marsilea and Arabidopsis each have six 
and Chlamydomonas has four members of the kinesin-12 family, whereas 
Physcomitrella has 20. Most notably, the kinesin-12 I subfamily appears to have the 
most expansion in Physcomitrella and consists of sixteen members. In Arabidopsis, 
Chlamydomonas, and Marsilea this subfamily contains only three, two, and five 
members, respectively (Figure 2-3B). Overall, the kinesin family in the male 
gametophyte of Marsilea appears to be intermediate between those of 
Chlamydomonas, Physcomitrella and Arabidopsis, which is consistent with the 
evolutionary relationship among these three plant species (Pryer et al., 2004).  
Kinesins are not solely composed of a motor domain, but these proteins also 
have a range of additional domains that bind cargo or accessory proteins and regulate 
many of the interactions that are important for the function of specific family 
members. Therefore, in order to classify the kinesin family in Marsilea in more detail, 
I searched each kinesin transcript for additional conserved domains outside of the 
motor motif. I found kinesins with ARM repeats, SAM, CH, malectin, MyTH4, and 
FERM domains (Figure 2-4, Table 2-4). Many of these domains regulate protein-
protein interactions. Kinesins with ARM repeats, SAM, CH, and malectin domains 
are present in land plants, where as kinesin-14 VI, which contains MyTH4 and FERM 






Figure 2-3. Comparing the kinesin superfamily in plants. (A) Chart that compares kinesins, 
separated by significant adaptations. Kinesin-3, -6, and -11 (red) are absent in all plants 
studied. Land plants share most kinesin families, however, plants that make ciliated cells 
contain a different complement of kinesins than non-ciliated plants. No conclusions can be 
made about kinesin-1 and kinesin-17 (blue) using this analysis. (B) Graph comparing the 
number of kinesins in each subfamily in Marsilea (red), Arabidopsis (blue), Physcomitrella 





Figure 2-4. Illustrated transcript models for kinesins Marsilea. The motor domain and 
important accessory domains are shown (Fink and Hamilton, 2007) for each kinesin 
transcript identified in Marsilea. Members of the kinesin-2, -4, -5, -7, -8, -9, -12, -14IV, -
14V, ‘orphan’ I, ‘orphan’ II, ‘orphan’ III, ‘orphan’ IV, ARK, and ARK-LIKE have N-
terminal motors. Members of the kinesin-13, 14II, and -14III families have central motor 
domains and members of the kinesin-14I and -14VI families have C-terminal motors. 
Important accessory regions include ARM, a domain of unknown function (DUF3490), 
SAM, CH, malectin, MyTH4, and FERM domains. Kinesin transcripts with an incomplete 




Table 2-4. Accessory domains present in Marsilea kinesins.  
Kinesin Domain Location e-value Domain Location e-value 
MvARKa ARM 3145-3894 3.52E-15 
MvARKb ARM 2755-3366 3.60E-15 
MvARKc ARM 2844-3455 5.18E-12 
MvKinesin7-IIa DUF3490 2997-3497 2.09E-59 
MvKinesin7-IIb DUF3490 2926-3408 1.32E-58 
MvKinesin7-IIc DUF3490 2624-3124 3.71E-64 
MvKinesin7-IId DUF3490 2441-2941 6.62E-65 
MvKinesin7-IIe DUF3490 2615-3106 1.83E-67 
MvKinesin13a SAM 530-706 2.68E-15 
MvKinesin13b SAM 1309-1485 2.36E-19 
MvKinesin14-IIa CH 755-1015 6.23E-09 
MvKinesin14-IIb CH 853-1140 7.84E-09 
MvKinesin14-IId CH 185-496 1.54E-06 
MvKinesin14-IIIa Malectin 1216-1647 6.01E-34 
MvKinesin14-VIa FERM 2125-2451 9.62E-75 MyTH4 985-1461 1.28E-40 
 
 
Discussion and Conclusions 
Comparing the kinesin family in Marsilea to other plants 
The kinesin family in the Marsilea male gametophyte is similar to those found 
in other plants. The absence of kinesin-3, -6, and -11, typically found in animal cells, 
and the addition of a diverse group kinesin-14s as well as several ‘orphan’ kinesins is 
a common feature across many plants (Reddy and Day, 2001; Richardson et al., 2006; 
Wickstead and Gull, 2006; Wickstead et al., 2010b; Shen et al., 2012). The lack of 




have not provided conclusive evidence for the presence of kinesin-1 in 
Physcomitrella (Wickstead and Gull, 2006; Shen et al., 2012); however, my analysis 
suggests that a kinesin previously identified as part of the kinesin-‘orphan’ IV family 
(Shen et al., 2012) is in fact similar to kinesin-1 in Arabidopsis (Figure 2-2) and that 
the kinesin-‘orphan’ IV family does not exist in Physcomitrella (Figure 2-1; 2-2). In 
Arabidopsis and rice kinesin-1 fails to function in a way that resembles its animal 
counterpart. Instead this kinesin is required for female gametogenesis (Zhou et al., 
2011; Wang et al., 2014). It is therefore possible that the reason I was not able to 
identify any transcripts that encode members of the kinesin-1 family in Marsilea is 
due to the fact that this kinesin is not required for the formation of male 
gametophytes. Further analysis of the kinesin family in the Marsilea genome and 
sporophytes are required.  
Comparative analyses consistently show that the kinesin family in a majority 
of land plants is much larger those families found in animals. For example, 
Physcomitrella has 78 kinesins (Shen et al., 2012; Miki et al., 2014) and Arabidopsis 
has 61 (Reddy and Day, 2001). This is compared to the 45-50 kinesins typically 
found in mammalian genomes (Miki et al., 2001). The transcriptome from the male 
gametophyte of Marsilea reveals the presence of at least 56 kinesins. It is important 
to note that the larger total number of kinesins in Physcomitrella is mostly attributed 
to the expansion of the kinesin-12 family (Figure 2-3B) (Shen et al., 2012; Zhu and 
Dixit, 2012). Marsilea may also have an expanded group of kinesin-12s in its genome 
and in its sporophyte, but this was not apparent in my transcriptome analyses, which 




in the Marsilea gametophyte transcriptome suggests that an expanded kinesin-12 
family is unnecessary for the formation of ciliated spermatozoids in embryophyte 
plants. However, because the dry spore contains large quantities of stored (pre) 
mRNAs and proteins (Hart and Wolniak, 1998, 1999), it is also possible that some 
kinesins are translated during spore desiccation and stored as proteins during 
quiescence. The transcripts that encode these stored proteins would not necessarily be 
represented in the transcriptome obtained from gametophytes after spore rehydration. 
Therefore additional kinesin proteins may be present in the gametophyte that went 
undetected in the transcriptome search. 
It is unclear why the kinesin family is so large in plants. The current 
hypothesis suggests that that additional kinesins, specifically members of the kinesin-
14 family, are needed in to compensate for the absence cytoplasmic dynein 
(Wickstead and Gull, 2007) and an organized centrosome in plant cells (Richardson 
et al., 2006; Shen et al., 2012). In support of this hypothesis, I was only able to 
identify transcripts that encode inner arm dynein in the Marsilea male gametophyte 
transcriptome (see Appendix I). Sequences encoding outer arm dynein, IFT dynein, 
and cytoplasmic dynein are absent. It has long been known that outer dynein arms in 
the axonemes from the spermatozoids of these organisms are extremely rare, or even 
nonexistent (Wolniak and Cande, 1980; Hyams and Campbell, 1985) even though 
appropriate binding sites exist on the axonemal microtubules for dynein attachments 
(Hyams, 1985).  
Kinesin-14s are known for their c-terminal, minus end directed motors 




contain not only this c-terminal motor domain (kinesin-14 I and -VI), but also n-
terminal motors (kinesin-14 IV and -V), and motor domains that reside in the middle 
portion of the protein (kinesin-14 II and –III) (Figure 2-4). This pattern is reminiscent 
of the kinesin-14 family in both Physcomitrella (Shen et al., 2012) and Arabidopsis 
(Reddy and Day, 2001; Lee and Liu, 2004). In contrast, Chlamydomonas has a 
smaller overall kinesin-14 family and does not contain kinesin-14s with n-terminal 
motors (Wickstead and Gull, 2006). This suggests that the expansion of the kinesin-
14 family to include n-terminal motors is a more recent evolutionary event and is 
possibly restricted to land plants. Recent evidence suggests that kinesin-14 II (Walter 
et al., 2015) and kinesin-14 VI (Jonsson et al., 2015) are able to transport cargo along 
microtubules in the minus direction and may in fact be functional replacements for 
cytoplasmic dynein in retrograde transport (Jonsson et al., 2015; Walter et al., 2015).  
Comparisons between the kinesin family in Marsilea, Arabidopsis, 
Physcomitrella, and Chlamydomonas provide a substantial amount of information on 
the biology and cytoskeletal dynamics that regulate growth and development in each 
plant. Kinesin-2, -9, ‘orphan’ III, and kinesin-17 are restricted to organisms that 
produce ciliated cells at some point during their life cycles. Kinesin-2 is well 
established as the key motor protein necessary for eukaryotic anterograde IFT 
(Walther et al., 1994; Kozminski et al., 1995; Cole et al., 1998; Yokoyama et al., 
2004) and although less fully understood, a role for kinesin-9 in motility has been 
documented (Demonchy et al., 2009). Marsilea and Physcomitrella each have one 
kinesin-2, two or more kinesin-9s, and one kinesin-‘orphan’ III. In contrast, 




plus a single kinesin-17 (Figure 2-3B). Kinesin-17 in both Marsilea and 
Physcomitrella is absent. The presence of multiple kinesin-2 members is typical in 
cells that possess motile cilia since kinesin-2 heterotrimers are required for IFT. It is 
unclear why only a single kinesin-2 is present in Marsilea and Physcomitrella; 
however, a general reaction of cilia and IFT-associated proteins is observed in 
organisms with that are only ciliated at specific points during the life cycle (Marande 
and Kohl, 2011). My analysis also reveals that kinesin-4 II and ARK-LIKE are 
similarly restricted to ciliated plants and that the presence kinesin-‘orphan’ I is 
restricted even further to plants with ciliated male gametophytes (Figure 2-3). 
Although none of these kinesins are currently implicated in ciliogenesis, their 
restricted distribution and presence in the transcriptome from Marsilea male gametes 
suggests that they might be important for the processes that assemble motile ciliary 
axonemes in a variety of organisms. Arabidopsis never makes ciliated cells, using 
amoeboid sperm cells instead of freely swimming ciliated spermatozoids for 
reproduction, and it lacks members of all of these groups.  
Kinesins that are present in all the plants analyzed here include members of 
the kinesin-4 I, -5, -8 I, -13, -14 I, -14 II, -14 III, -14 VI families, plus all subgroups 
of the kinesin-7 and -12 families (Figure 2-3). Many of these kinesins are implicated 
in mitosis in both plant and animal cells (see Chapter 1) suggesting the possibility of 
conserved functions for these kinesins in eukaryotes. In Arabidopsis and 
Physcomitrella kinesin-4 I, -7 II, and -12 II localize to and are important for 
organizing the phragmoplast microtubules during cell division (Takahashi et al., 




However, the evolution of the phragmoplast occurred after the separation of 
Chlamydomonas from the rest of the land plants (Prigge and Bezanilla, 2010). 
Instead, Chlamydomonas uses a different microtubule array, termed the phycoplast, 
for spatially regulating cytokinesis (Johnson and Porter, 1968; Pickett-Heaps, 1976). 
Some algae do use a phragmoplast-like structure for cytokinesis, including 
Coleochaetales, Charales, and Zygnematales (Sawitzky and Grolig, 1995; López-
Bautista et al., 2003). If these conserved kinesins evolved roles in phragmoplast 
organization from the Chlamydomonas phycoplast or the phragmoplast of other algae 
remains to be studied. The one exception here is kinesin-7 I. Members of this 
subfamily are not implicated in mitosis (Vanstraelen et al., 2006; Miki et al., 2014). 
Instead the expression of kinesin-7 I is restricted to mitochondria (Itoh et al., 2001).  
Kinesins only present here in land plants and that are absent in 
Chlamydomonas include members of the kinesin-8 II, -14 IV, -14 V, ARK, -’orphan’ 
II, and -’orphan’ IV families. Of these the best studied are kinesin-14 V, ARK, and 
kinesin-’orphan’ II. These kinesins have diverse range of functions, including 
crosslinking actin and microtubule arrays to mediate chloroplast localization (Klotz 
and Nick, 2012; Shen et al., 2015), during nuclear localization (Miki et al., 2015) and 
the selection of asymmetric division planes (Malcos and Cyr, 2011), plus in the 
transport of vesicles along phragmoplast microtubules (Lee et al., 2007), respectively.  
Marsilea and Arabidopsis both have members of the kinesin-10 and kinesin-
‘orphan’ IV families. Kinesins in these families are absent in Chlamydomonas and 
Physcomitrella restricting the distribution of these kinesins to vascular plants 




chromosome arms and is necessary for their alignment during metaphase (Tokai et 
al., 1996; Tokai-Nishizumi et al., 2005). In Arabidopsis kinesin-10 is upregulated 
during mitosis (Vanstraelen et al., 2006); however, functional analyses of kinesin-10 
or ‘orphan’ IV have not yet been performed. 
Accessory domains that are present in Marsilea kinesin transcript maps can 
also be found in kinesins present in Arabidopsis and Physcomitrella. Chlamydomonas 
kinesins do not contain many of these accessory domains except the MyTH4 and 
FERM domains of kinesin-14 VI. This suggests that kinesins containing ARM, 
RING, SAM, CH, and malectin domains are more recent evolutionary adaptions to 
the kinesin family and are necessary for specific functions of kinesins in multicellular 




Chapter 3: Patterns of Abundance Correlate with the Essential 
Functions of Kinesin Motors during Spermatogenesis 
 
Note: The following has been partially adapted from Tomei and Wolniak, 
Cytoskeleton, 2016. DOI 10.1002/cm.21285. 
Introduction 
Plant kinesins participate in many of the same functions as animal kinesins 
including intracellular transport, microtubule organization, spindle assembly, 
chromosome motility, and ciliogenesis (see Chapter 1; Lee and Liu, 2004; Zhu and 
Dixit, 2011; Lee et al., 2015); however, the kinesin story in plants is more complex 
than in animals. Outside of the conserved motor domain and family specific neck 
region, the remainder of the kinesin protein is highly divergent, and outside of the 
motor and neck domains, plant and animal kinesins have few similarities. These 
regions contain important domains that direct interactions with cargo or accessory 
proteins and therefore are vitally important for directing the function of individual 
kinesin proteins. Many of these additional domains are not shared between plant and 
animal kinesins and are often species specific (Wickstead et al., 2010b). ARM 
repeats, actin binding CH domains, MyTH4, and FERM domains, all necessary for 
directing specific types of protein-protein interactions, are only found in plant 
kinesins and some are even further restricted to land plants (see Chapter 2). It is 
therefore difficult, if not impossible, to infer the specific function of plant kinesins 




roles during the formation of bipolar spindles in plant and animal cells (Bannigan et 
al., 2007), although the degree of conservation both in the proteins and in the roles 
they play has been the subject of debate (Miki et al., 2014; Lee et al., 2015).  
The large numbers of kinesin proteins present in plants make it difficult to 
study the kinesin family comprehensively and there is limited information on the 
function of individual kinesin motors. Arabidopsis has 61 kinesin motor proteins 
(Reddy and Day, 2001) and 23 of these kinesins are upregulated during mitosis 
(Vanstraelen et al., 2006). In a study the endogenous localization of every kinesin 
protein expressed in Physcomitrella caulonemal cells was tracked, 43 of the 78 
kinesins present in the genome (Shen et al., 2012) were localized in or with mitotic 
structures and all but kinesin-5 showed distinct localization patterns from animal 
homologs (Miki et al., 2014). Complicating efforts to attribute functions to all of 
these mitotic kinesins is the fact that a significant amount of functional redundancy 
was observed and kinesins of the same family do not always appear to share the same 
function. For example, Physcomitrella has five members of the kinesin-4 I family and 
only two, kinesin-4 Ia and kinesin-4 Ic, localize to mitotic structures (Miki et al., 
2014). Therefore, it is not possible to assign a function to kinesin-4 I or even to 
classify kinesin-4 I as a purely mitotic kinesin. Similarly, members of the kinesin-4 I, 
-7 II, -7 III, -8 I, -8 II, -13, -12 I, -12 II, and ‘orphan’ II all localize to the 
phragmoplast equator (Miki et al., 2014) making it difficult to untangle specific roles 
for each kinesin during phragmoplast organization and cytokinesis.  
These comprehensive analyses of the kinesin family have paved the way for 




motors. Kinesin-12 I and kinesin-14 VI (KCBP) are recruited to the PPB and are 
important for establishing the positional information of the PPB after its 
disappearance (Lipka et al., 2014; Buschmann et al., 2015). Kinesin-5 and kinesin-14 
I localize to spindle microtubules and are required for the assembly of organized 
bipolar spindles (Marcus et al., 2003; Ambrose and Cyr, 2007; Bannigan et al., 2007; 
Miki et al., 2014). Kinesin-7 III can be found at the kinetochore throughout mitosis 
(Miki et al., 2014). Kinesin-7 II and kinesin-‘orphan’ II contribute to cargo transport 
at the phragmoplast and with kinesin-12 II are essential for the generation of 
interdigitated antiparallel phragmoplast microtubules (Lee and Liu, 2000; Nishihama 
et al., 2002; Strompen et al., 2002; Soyano et al., 2003; Pan et al., 2004; Lee et al., 
2007; Hiwatashi et al., 2008; Takahashi et al., 2010; Oh et al., 2012; Sasabe et al., 
2012; Miki et al., 2014). Kinesin-14 II and ARK are implicated in nuclear positioning 
and may be important for positioning asymmetric division planes (Frey et al., 2010; 
Malcos and Cyr, 2011; Miki et al., 2015).  
Although significant advances have been made, many of these kinesins have 
only been studied in one system and many kinesins do not have conserved roles in 
Arabidopsis and Physcomitrella. A major reason for this is because the majority of 
studies on kinesins have been done in Physcomitrella caulonemal cells. While these 
cells are excellent for imagining mitotic structures and rapidly divide every five to six 
hours, they lack a key organizational feature of plant cell division, the PPB. Instead, 
the cell division in Physcomitrella caulonemal cells is a highly self-organized process 
that involves a multitude of proteins to generate the force required for spindle and 




for division plane selection (Lloyd and Chan, 2006; Bannigan et al., 2008; Müller et 
al., 2009; Goshima and Kimura, 2010). It is therefore difficult to extrapolate the 
function of mitotic kinesins from Physcomitrella to other plants.  
In addition to mitotic kinesins, plant kinesin motor proteins are also involved 
in general microtubule organization and cell morphogenesis. Unfortunately, there are 
few examples that directly illustrate the role of non-mitotic kinesins outside of 
ciliogenesis in Chlamydomonas where kinesin-2, -9, and -13 are necessary for 
intraflagellar transport, motility, and axoneme length control, respectively 
(Yokoyama et al., 2004; Piao et al., 2009; Scholey, 2013). Kinesin-14 VI also 
localizes to basal bodies in Chlamydomonas, although its function in ciliary growth or 
regulation is unknown (Dymek et al., 2006). Most of our current knowledge on these 
kinesins in plants is from genomic analyses, which restrict kinesin-2, -9, and –
‘orphan’ III to ciliated organisms (Wickstead and Gull, 2006; Wickstead et al., 
2010b; Shen et al., 2012; Tomei and Wolniak, 2016), and functional studies on cilia-
associated kinesins have not been performed on land plants outside of Marsilea (see 
Chapter 3 and Chapter 4). In extending beyond ciliogenesis, members of the kinesin-
7, kinesin-14, and ARK families also have defied roles in non-mitotic processes. In 
Arabidopsis kinesin-7 I and kinesin-14 II localize to mitochondria (Itoh et al., 2001; 
Ni et al., 2005) and ARK localizes to microtubule plus ends where it assists in 
sustaining the rapid microtubule polymerization required for unidirectional growth in 
root hairs (Jones et al., 2006; Yang et al., 2007; Sakai et al., 2008; Eng and 
Wasteneys, 2014). In Physcomitrella kinesin-14 V mediates the chloroplast light-




Mitosis and ciliogenesis represent key developmental processes during male 
gametophyte development in Marsilea, and underlie the establishment of cell fate 
through division plane selection and the morphological changes associated with 
spermatid differentiation. In this gametophyte, mitosis and ciliogenesis are temporally 
separated and the mechanisms that regulate the transition from mitosis to 
differentiation are tightly controlled (Boothby et al., 2013). All cell divisions occur 
and are completed in the first five hours after spore hydration. The first two hours of 
this time are marked by asymmetric divisions cycles that establish cell fate in the 
gametophyte and distinguish spermatogenous initials from sterile cells. The 
spermatogenous initials then undergo rounds of symmetric divisions to produce 32 
spermatids. During the last 5.5-6 hours of development, each spermatid differentiates 
forming a coiled nucleus and ribbon of microtubules that is studded with basal bodies. 
These basal bodies become the sites of ciliogenesis enabling each spermatid to 
become a motile spermatozoid (Myles et al., 1977; 1982). By investigating kinesin 
motor proteins during male gametophyte development in Marsilea I am able to 
uncover information about the functions of specific kinesins in plants and to study the 
mechanisms that underlie important regulatory stages of development (namely 
mitosis and ciliogenesis and the transition between the two) using one class of 
proteins.  
In this chapter, I used transcriptome datasets to analyze the abundance of 
kinesin transcripts throughout spermatogenesis and was able to correlate patterns of 
transcript abundance with kinesin function. EdgeR (Robinson et al., 2010) analyses of 




kinesin transcripts show changes in kinesin mRNA abundance during gametophyte 
development. Functional silencing analyses show kinesin mRNAs that are abundant 
early in development encode proteins with essential roles during the mitotic division 
cycles that give rise to seven sterile cells and 32 spermatids. In contrast, kinesin 
mRNAs that become abundant later in development primarily encode proteins with 
roles in spermatid differentiation, including ciliogenesis. Based on these results, it is 
possible that kinesin motor proteins maintain and control important rate-limiting steps 
that regulate male gametophyte development in Marsilea. 
 
Results 
Kinesin transcripts change in abundance during development  
In order to make predictions about the function of individual kinesins in 
Marsilea, I tracked the abundance of each transcript during development. Here a 
transcript is defined as a particular mRNA sequence that is found in the transcriptome 
that encodes a kinesin-like protein. Sequences that were mostly identical, save for 
areas that appeared to be different splicing intermediates or isoforms, were combined 
to create each transcript (see Chapter 2). Transcript abundance was tracked by 
analyzing the transcriptome assembled (Grabherr et al., 2011) from polyA(+)RNA 
isolates obtained at 1-2 hours, 3-5 hours, and 6-8 hours of gametophyte development. 
During each of these stages, progress through different developmental landmarks 
occurs. At 1-2 hours of development, asymmetric mitotic divisions that separate 




two hours of development (3-5h post hydration), each spermatogenous initial 
undergoes four symmetric rounds of cell division to produce sixteen spermatogenous 
cells. The last stage of development consists of the differentiation of each spermatid 
into a corkscrew shaped, spermatozoid with about 140 motile cilia (for review, see 
Chapter 1; Wolniak et al., 2011; 2015). RNA was isolated during the interval of 6-8 
hours after the spores were hydrated; earlier work from our lab demonstrated that 
many of the transcripts undergo degradation more than 8 hours into gametophyte 
development (Tsai et al., 2004). 
FPKM values for were calculated for each transcript mapped to our combined 
reference transcriptome using Cufflinks (Trapnell et al., 2010). EdgeR (Robinson et 
al., 2010) analysis was then used to calculate changes in transcript abundance 
between each time interval of development (1-2h vs. 3-5h, 3-5h vs. 6-8h, and 1-2h vs. 
6-8h) from RNA-seq counts in replicate samples. In this comparison, I initially 
generalized changes in abundance into three main categories, as a) transcripts that 
increased in abundance during development, b) those that decreased in abundance 
during development, or c) those that did not change significantly during development 
(FDR<0.05). I found that almost all, ~91% (51/56), of kinesin transcripts exhibit at 
least a two-fold change in abundance during development (-1.0 < logFC > 1.0). 39% 
(22/56) of kinesins increase while 52% (29/56) decrease in abundance as 
gametophyte development proceeds (Figure 3-1A).  
Kinesin mRNAs that are enriched early in development and then decrease in 
abundance as spermatogenesis proceeds include members of the ARK, kinesin-4I, -5, 




‘orphan’ IV (Figure 3-1B). Many of these mRNAs encode proteins with roles during 
mitosis in plants (see Chapter 1). Kinesin mRNAs that are enriched at later time 
points do so by increasing in abundance during development. These include members 
of the ARK, ARK-LIKE, kinesin-2, -4I, -4II, -5, -7I, -7II, -8I, -9, -12I, -13, -14II, 
14IV, and ‘orphan’ III (Figure 3-1B). Of these, kinesin-2, kinesin-9, and ‘orphan’ III 
are only found in organisms that are ciliated (Wickstead and Gull, 2006; Wickstead et 
al., 2010b) and kinesin-2 and -9 have clear roles in ciliogenesis (see Chapter 4, 
Walther et al., 1994, Kozminski et al., 1995, Cole et al., 1998, Yokoyama et al., 2004, 
Demonchy et al, 2009). mRNAs that decrease in abundance are not detected later in 
development because they are translated or destroyed. While mRNAs that increase in 
abundance become available for detection at later time points through unmasking and 
polyadenylation, presumably for in order for them to be translated. 
 Next, I generated a heatmap that compares changes in transcript abundance 
for each distinct stage of development (Figure 3-2). Specifically, changes in kinesin 
transcript abundance that occur during the mitotic stage of development (1-2h vs. 3-
5h), during differentiation (the 3-5h vs. 6-8h), and over the entire course of 
development (1-2h vs. 6-8h) were analyzed. Changes in abundance are represented as 
log
2 of the fold change (logFC) between two time points. Negative values for logFC 
represent decreases (shown in blue) in abundance, while positive values represent 
increases (shown in red). No change and non-significant changes in abundance are 
depicted in yellow. No kinesin transcripts show statistically significant decreases in 
abundance from the 1-2h to the 3-5h time intervals and only one, kinesin-13a, 




decreases in abundance occur over the first 8 h of development (1-2h v 6-8h time 
interval) but are not specific to any one stage of spermatogenesis (Figure 3-2). Many 
kinesin transcripts show significant increases in abundance during development, 
either between the 1-2h and 3-5h intervals or between the 3-5h and 6-8h time 
intervals (Figure 3-2, Table 3-1). The increases suggest these kinesins may be 
important for events that occur between the 1-2h and 3-5h time intervals, division 
cycles and/or blepharoplast formation, or between 3-5h and 6-8h time intervals, when 
spermatid maturation and ciliogenesis is occurring. The time-directed abundance 
changes suggest that there is precise regulation of unmasking, processing and 
translation of these transcripts (Van der Weele et al., 2007; Deeb et al., 2010; 
Boothby et al., 2013; Wolniak et al., 2015).  
I also found a small subset of kinesin transcripts that do not change 
significantly in abundance during the 8 h of development when transcripts are 
detectable in the gametophytes (Tsai et al., 2004). These include members of the 
kinesin-8II, -13, -14III, -14VI, and ‘orphan’ I families. Many of these kinesins have 
high RNAseq counts and FPKM values throughout development (Table 3-1).  
Many kinesin families in Marsilea consist of more than one member and each 
of these members tends to have a different pattern of abundance during development 
(Figure 3-1, 3-2). For example there are three transcripts that encode members of the 
kinesin-13 family in Marsilea. Of these three transcripts, one decreases in abundance, 
one increases, and one does not change. It is therefore nearly impossible to make a 
generalized prediction about the function of kinesin-13 during development based on 




different kinesin-13 protein with separate roles in mitosis and in differentiation. In 
support of this hypothesis, kinesin-13, a microtubule depolymerizer (Desai et al., 
1999), participates in regulating microtubule length during both mitosis and 
ciliogenesis (Walczak et al., 1996; Maney et al., 1998; Desai et al., 1999; Kline-Smith 
et al., 2004; Rogers et al., 2004; Mayr et al., 2007; Varga et al., 2009; Wickstead et 
al., 2010a; Weaver et al., 2011; Vasudevan et al., 2014). Similar situations are 
observed with kinesin-ARK, -4I, -5, -7I, -7II, -8II, -12I, -14II, -14III, and -14VI. 
Exceptions are the kinesin-9 and kinesin-14 I families. All transcripts that encode 
members of the kinesin-9 family increase in abundance, while all members of the 




Figure 3-1. Kinesin transcripts change in abundance during spermatogenesis. (A-B) 
For these graphs a transcript is defined as the combined mRNA sequences that 
encode a particular kinesin-like protein. Sequences that were mostly identical, save 
for areas that appeared to be different splicing intermediates or isoforms, were 
combined to create each transcript (A) Percentage of kinesin transcripts that increase 
(red), decrease (green), and do not change (blue) in abundance. 39% (22/56) of 
kinesins increase and 52% (29/56) decrease in abundance. (B) Kinesin subfamilies 
grouped by changes in transcript abundance. Many families have members with 





Figure 3-2. Heatmap of changes in transcript abundance. Increases in abundance are shown 
in increasing shades of red and decreases are shown in increasing shades of blue. Non-
significant changes in abundance are yellow. Changes were calculated between the 1-2h and 
3-5h time intervals, 3-5h and 6-8h time intervals, and over the entire course of development 
(between the 1-2h and 6-8h time intervals). Transcripts are grouped with the largest increases 




Table 3-1. LogFC and FPKM values for all 56 kinesin sequences present in Marsilea, separated by developmental trend. 
Kinesin 
1-2 v 3-5h 
logFC 
1-2 v 3-5h 
FDR 
3-5 v 6-8h 
logFC 
3-5 v 6-8h 
FDR 
1-2 v 6-8h 
logFC 









Kinesin-9B 8.29 2.17E-10 4.22 2.46E-03 12.64 1.65E-73 0.01 0.70 45.12 Increases 
throughout 
development 
ARK-LIKE 8.61 1.37E-07 3.43 1.38E-02 12.18 9.49E-61 0.00 0.74 21.02 
Kinesin-7 IIb 3.07 1.51E-02 5.02 7.43E-05 8.20 1.66E-32 0.27 1.25 110.01 
Kinesin-14 IId 0.14 1.00E+00 3.57 2.31E-01 3.88 3.49E-06 0.01 0.70 45.12 Increases 
from the 1-2 
to the 6-8h 
time interval 
Kinesin-8 I 1.50 8.96E-01 1.79 1.26E-01 3.41 4.73E-11 0.00 0.74 21.02 
ARKa 0.69 1.00E+00 1.66 1.42E-01 2.45 3.08E-12 0.27 1.25 110.01 
Kinesin-4 II 6.34 3.72E-12 0.61 7.34E-01 7.06 1.45E-36 0.05 2.23 9.07 
Increases 
from the 1-2 
to the 3-5h 
time interval 
Orphan-III 4.80 3.94E-07 1.10 3.87E-01 5.99 3.91E-28 0.40 6.71 34.43 
Kinesin-2 3.73 3.75E-07 1.66 3.14E-01 5.48 2.01E-29 0.66 10.68 40.30 
ARKb 3.74 1.21E-04 1.19 3.50E-01 5.00 4.25E-24 0.73 5.84 31.66 
Kinesin-14 IV 2.77 4.40E-02 0.82 5.38E-01 3.70 1.12E-10 0.26 0.92 4.97 
Kinesin-12 Ib 0.10 1.00E+00 12.75 1.44E-05 13.03 1.59E-83 0.01 0.01 99.05 
Increases 
from the 3-5 
to the 6-8h 
time interval 
Kinesin-13c 2.25 2.70E-01 6.80 2.28E-06 9.15 1.01E-36 0.16 0.41 126.84 
Kinesin-4 Ib 1.98 2.80E-01 4.83 8.37E-05 6.94 3.67E-54 0.72 1.53 116.21 
Kinesin-9A 0.36 1.00E+00 5.95 2.26E-05 6.43 9.71E-37 1.26 0.86 145.58 




Kinesin-5a 1.96 7.57E-01 4.83 9.09E-10 4.83 9.09E-10 0.15 0.31 6.05 
Kinesin-7 Ic 1.68 5.40E-01 3.00 1.40E-02 4.81 8.43E-33 0.49 0.84 18.43 
Kinesin-4 Ia -0.09 1.00E+00 2.95 4.71E-02 3.02 4.15E-11 0.27 0.14 2.97 
Kinesin-7 Id -2.66 1.00E+00 5.28 1.81E-02 2.75 2.18E-02 0.13 0.01 1.17 
Kinesin-7 IIa -0.87 6.64E-01 3.45 3.09E-02 2.73 1.19E-08 0.41 0.11 5.12 
Kinesin-14 VIa -0.12 1.00E+00 2.46 1.88E-02 2.43 9.91E-11 22.04 18.96 148.76 
Kinesin-13b -0.23 1.00E+00 -0.25 6.98E-01 -0.42 3.97E-01 61.51 58.23 62.12 
No change in 
abundance 
Orphan-I 0.39 1.00E+00 -1.07 1.00E+00 -0.57 3.57E-01 2.37 1.68 2.17 
Kinesin-14 VIb -2.05 1.00E+00 1.31 1.00E+00 -0.59 6.71E-01 0.09 0.01 0.08 
Kinesin-8 IIb -0.95 5.25E-01 -0.02 1.00E+00 -0.89 2.43E-02 34.54 11.29 24.97 
Kinesin-14 IIIb -0.52 1.00E+00 -0.44 1.00E+00 -0.89 4.87E-02 38.05 18.29 27.31 
Kinesin-14 Ic -1.05 4.07E-01 -0.62 1.00E+00 -1.55 1.86E-05 17.81 4.89 8.06 
Decreases 
from the 1-2 
to the 6-8h 
time interval 
 
Kinesin-12 Ie -0.96 4.89E-01 -0.82 1.00E+00 -1.67 2.20E-05 8.83 2.58 3.65 
Kinesin-14 IIIa -0.16 1.00E+00 -1.74 5.02E-01 -1.82 2.25E-05 11.75 6.39 4.44 
Kinesin-14 V -1.09 3.72E-01 -1.06 1.00E+00 -2.03 1.59E-07 4.43 1.12 1.44 
Kinesin-12 Ic -0.96 5.34E-01 -1.14 1.00E+00 -2.05 3.68E-06 14.98 4.98 4.80 
Kinesin-12 Id -0.85 5.74E-01 -1.28 1.00E+00 -2.05 5.24E-04 10.20 3.29 3.20 
Kinesin-7 IId -0.40 9.75E-01 -1.81 5.32E-01 -2.05 9.89E-05 1.18 0.48 0.37 
Kinesin-7 IV -1.22 3.00E-01 -1.01 1.00E+00 -2.14 2.12E-06 20.66 5.13 6.20 
Kinesin-10 -0.79 6.07E-01 -1.48 7.72E-01 -2.15 8.57E-08 13.61 4.42 4.04 




Kinesin-7 III -0.91 5.21E-01 -1.36 9.34E-01 -2.18 1.60E-06 17.25 5.43 5.01 
Kinesin-14 IIb -1.43 3.29E-01 -0.84 1.00E+00 -2.21 3.30E-05 69.96 18.73 19.62 
Kinesin-7 Ib -0.88 5.18E-01 -1.44 8.36E-01 -2.23 7.23E-07 13.55 4.26 3.80 
Orphan-II -1.01 5.14E-01 -1.29 9.61E-01 -2.25 1.29E-05 43.21 14.11 11.83 
Kinesin-8 IIa -0.88 5.81E-01 -1.45 7.56E-01 -2.26 1.15E-08 36.01 12.25 10.03 
Kinesin-7 Ia -1.46 1.61E-01 -0.94 1.00E+00 -2.31 7.47E-07 14.47 2.95 3.84 
Kinesin-4 Ic -1.76 9.06E-02 -0.65 1.00E+00 -2.35 3.08E-08 47.29 9.06 12.23 
Kinesin-14 Ib -1.27 2.70E-01 -1.21 1.00E+00 -2.36 4.64E-09 14.86 3.44 3.82 
Kinesin-12 Ia -1.24 3.45E-01 -1.20 1.00E+00 -2.36 1.04E-07 31.64 8.69 8.05 
Kinesin-14 IIa -1.06 4.00E-01 -1.43 8.19E-01 -2.38 1.19E-09 13.50 3.68 3.44 
Kinesin-7 IIc -1.39 2.19E-01 -1.15 1.00E+00 -2.46 6.73E-09 42.68 10.09 10.22 
Kinesin-12 II -1.19 4.40E-01 -1.33 8.61E-01 -2.47 2.15E-07 38.95 11.75 9.31 
Kinesin-5d -0.82 7.57E-01 -1.71 5.12E-01 -2.48 1.47E-07 52.42 20.71 12.46 
ARKc -0.98 5.21E-01 -1.56 6.58E-01 -2.49 1.07E-07 33.08 10.73 7.85 
Kinesin-14 Ia -0.97 5.23E-01 -1.60 6.02E-01 -2.50 3.21E-09 39.64 12.80 9.37 
Kinesin-14 IIc -1.03 5.01E-01 -1.60 6.00E-01 -2.56 6.46E-10 30.55 9.69 6.91 
Kinesin-7 IIe -1.20 3.07E-01 -1.48 7.92E-01 -2.60 1.50E-08 23.10 5.85 5.00 
Kinesin-5c -1.63 2.14E-01 -1.21 9.44E-01 -2.79 3.64E-10 101.01 24.11 19.34 
Kinesin-13a -1.31 3.55E-01 -2.33 8.60E-03 -2.58 6.58E-08 71.27 19.97 15.73 Decreases 





Functional analysis of kinesins with different patterns of transcript abundance  
In order to determine the function of individual kinesins more clearly during 
male gametophyte development in Marsilea, I performed RNAi knockdowns of 
kinesins that displayed different patterns of transcript abundance during development 
as a means to correlate patterns of transcript abundance with kinesin functions during 
spermatogenesis. Here I analyze the function of transcripts that encode members of 
the kinesin-4, -12, -13, -14, ARK, ARK-LIKE, and orphan III families during male 
gametophyte development in Marsilea. I performed knockdowns by adding dsRNA 
(Figure 3-3A), constructed from unique regions in each kinesin to gametophyte 
populations at the time of spore hydration. Microspores were grown for 2, 5, and 8 
hours, fixed, embedded in methacrylate, and sectioned. Sections were stained with 
toluidine blue (TBO), DAPI, anti-centrin, and anti-tubulin antibodies and examined 
with brightfield and fluorescence microscopy to observe any morphological changes 
or defects in development after knockdown. The effectiveness of RNAi was then 
measured using RT-PCR for each transcript after knockdown. After each knockdown, 
the presence of the transcript was undetectable while the abundance of centrin mRNA 
from these gametophytes did not change (Figure 3-3B). Each of these knockdowns 
produced a distinct phenocopy, indicating that different kinesins perform specific and 
unique functions during development. Kinesin-2 and kinesin-9 were also functionally 
analyzed; the results of these experiments are shown in Chapter 4. RT-PCR shows 
that centrin transcripts do not change in abundance from 1-2h, 3-5h, and 6-8h of 




Figure 3-3. Kinesin dsRNA and RT-PCR after knockdown  
(A) dsRNA constructed from ARK-LIKE, -‘orphan’ III, -14VIa, and -13c 
respectively, using polyA+RNA isolated at 8h as a template and dsRNA 
constructed from kinesin-4Ic, -13a, -13b, -12 II, and –ARKc respectively, using 
polyA+RNA isolated at 4h as a template. (B) RT-PCR for ARK-LIKE, -‘orphan’ 
III, -14VIa, -13c, -4Ic, -13a, -13b, -12 II, and ARKc respectively, before (-) and 
after (+) the addition of dsRNA to knockdown each kinesin. The presence of each 
transcript cannot be detected after knockdown. Centrin mRNA (bottom panel) 
does not change after the addition of dsRNA. (C) Centrin transcripts do not change 






Controls are shown at 2, 5, and 8 h of gametophyte development (Figure 3-4). 
At 2 hours, plastid (p) containing jacket cells (j) are formed through a series of 
asymmetric divisions near the edges of the microspore (Figure 3-4A). At the end of 
these division cycles, the sterile cells eventually surround two primary 
spermatogenous cells (sp). By 5 h, a series of symmetrical mitotic divisions produce 
32 spermatogenous cells. The nucleus is clearly visualized in sections stained with 
TBO as a pink oval near the center of each spermatogenous cell (Figure 3-4B). 
Differentiation occurs after the divisions are complete, and by 8 hours of 
development the nucleus has elongated and formed a coil that is no longer visible 
with TBO staining. At this stage, each spermatid (sp) reshapes into a helix, due to the 
coiling of the nucleus and microtubule ribbon (Figure 3-4C). 
To observe the process of spermatid differentiation, gametophytes were 
allowed to develop for 8 hours and were stained with DAPI (Figure 3-4 D, E), to 
observe nuclear elongation, with anti-tubulin antibodies (Figure 3-4 D), to observe 
the microtubule ribbon, and with anti-centrin antibodies (Figure 3-4 E), to observe the 
presence and distribution of basal bodies in the spermatids (Deeb et al., 2010). During 
normal spermatid differentiation, the basal bodies become situated at regular intervals 
along the microtubule ribbon and the nuclear coil. These prepositioned basal bodies 





Figure 3-4. Untreated controls. 
Untreated gametophytes allowed to 
develop for 2h (A), 5h (B), or 8h (C-E), 
fixed with PFA, embedded in 
methacrylate, sectioned, and stained 
with TBO (A-C), DAPI (D, E), anti-
tubulin antibody (D), and anti-centrin 
antibody (E). Spermatogenous cells 
(sp) can easily be distinguished from 
jacket cells (j) in gametophytes stained 
with TBO. DAPI stains the nuclear 
coil, anti-tubulin the microtubule 
ribbon, and anti-centrin was used to 





 The Marsilea male gametophyte has three transcripts that encode members of 
the kinesin-4 I family (Figure 3-1). Of these transcripts, two increase in abundance 
during spermatogenesis while one decreases. In animals, kinesin-4 (Kif4) binds to 
chromosome arms (Wu and Chen, 2008) and is important for regulating microtubule 
dynamics at the spindle midzone (Bieling et al., 2010). I therefore decided to analyze 
kinesin-4 Ic, which is most abundant during the stage of development associated with 
mitosis and decreases in abundance from the 1-2h to the 6-8h time intervals (Figure 
3-2). This pattern of transcript abundance was validated with RT-PCR (Figure 3-5A). 
At eight hours of development, kinesin-4 Ic knockdowns have abnormally large 
spermatogenous cells compared to controls, although spermatogenous cells can 
clearly be distinguished from jacket cells. The spermatogenous cells are unevenly 
distributed throughout the microspore indicating problems with the symmetric 
divisions that produce spermatogenous cells (Figure 3-5B). Knockdowns visualized at 
two hours post hydration appear morphologically normal compared to controls 
(Figure 3-5C); however, five hour gametophytes exhibit similar defects to eight hour 
gametophytes with large and unevenly distributed spermatogenous cells (Figure 3-
5D). Visualized at 8h, anti-centrin staining is more diffuse than controls with only a 
few anti-centrin aggregates that resemble basal bodies in each cell (Figure 3-5E). It is 
also clear from this image that spermatids have failed to complete the last few rounds 
of mitosis, as cells are larger than controls. At 8h post hydration anti-α-tubulin 
staining appears similar to controls, although somewhat more disorganized than 




Thus, kinesin-4 Ic appears to be necessary for proper spermatogenous cell 
divisions, but not for the earlier asymmetric divisions or during differentiation in the 
formation of the microtubule ribbon and blepharoplast. This implies that kinesin-4 Ic 
is required for events that occur after the establishment of polarity (1-2h time 
interval) and before spermatid differentiation (6-8h time interval). Based on these 
results it is likely that kinesin-4 Ic is important for regulating symmetric, 
spermatogenous cell divisions that occur three to five hours post hydration. 
Kinesin-12 II 
Like kinesin-4 Ic, kinesin-12 II is most abundant during the mitotic stage of 
development and decreases in abundance from 1-2 to the 6-8h time interval (Figure 3-
2, 3-6A). The male gametophyte of Marsilea makes only one transcript that encodes a 
member of the kinesin-12 II family (Figure 3-1); however, there are five transcripts 
that encode kinesin-12 I. In Arabidopsis and Physcomitrella, kinesin-12 II, also 
known as PAKRP, localizes to the plus ends of phragmoplast microtubules during 
cytokinesis and are required for phragmoplast organization (Lee and Liu, 2000; Pan 
et al., 2004; Lee et al., 2007; Oh et al., 2012; Miki et al., 2014). After RNAi 
knockdowns of kinesin-12 II in Marsilea, gametophytes did not show any obvious 
defects in development and sections visualized eight hours post hydration look 





Figure 3-5. Kinesin-4 Ic. 
(A) RT-PCR shows that kinesin-4 Ic is 
most abundant during at 1-2h. (B-E) 
Fixed sections after silencing of kinesin-4 
Ic visualized with (B-D) TBO, (E, F) DAPI  
(blue), (E) anti-centrin (red), or (F) anti-
tubulin (red). (B) At 8h gametophytes have 
large spermatogenous cells (sp). (D) At 2h 
sectioned gametophytes appear normal. (D) 
5h gametophytes are similar in appearance 
to 8h gametophytes with large and 
unevenly distributed cells. (E) Anti-centrin 
staining does not show an intact array of 
basal bodies along the nuclear coil. (F) 




Figure 3-6. Kinesin-12 II. 
(A) RT-PCR shows that 
kinesin-12 II is most abundant 
during the first five hours of 
development and then decreases 
during the 6-8h time interval. 
(B) Fixed sections after silencing 
of kinesin-12-II visualized with 
TBO 8 hours post hydration. 
Kinesin-12 II silencing does not 
have any produce any notable 







In animals, kinesin-13 is a non-processive kinesin that contains a centrally 
located motor domain and a short, lysine rich, neck region responsible for 
depolymerizing microtubules (Ovechkina et. al., 2002; Ogawa et. al., 2004; Moores 
et. al., 2006). Kinesin-13 (Kif2) is required during mitosis to organize spindle 
microtubules (Manning et. al., 2007; Verhey and Hammond, 2009). A separate 
member of the kinesin-13 family, Kif24, lacks this neck domain and contains an N-
terminal SAM domain. Kif24 does not appear to depolymerize mitotic microtubules 
and instead is involved in regulating the size of the centrosome and plays a role in 
ciliogenesis (Kobayashi et. al., 2011). In plants, kinesin-13 also exhibits microtubule-
depolymerizing activity (Oda and Fukuda, 2013a; Deng et al., 2015) and is important 
during both mitosis and ciliogenesis. Physcomitrella kinesin-13 localizes to the 
spindle midzone during metaphase, anaphase, and cytokinesis (Miki et al., 2014) and 
in Chlamydomonas kinesin-13 regulates flagellar assembly and disassembly (Piao et 
al., 2009). However, in Arabidopsis kinesin-13 has not been shown to be important 
for mitosis and instead influences Golgi morphology and distribution (Lu et al., 2005; 
Wei et al., 2009).  
Marsilea encodes three members of the kinesin-13 family, each with a 
different pattern of transcript abundance (Figure 3-1). Kinesin-13a is most abundant 
during the 1-2h time interval and is the only kinesin transcript to decrease 
significantly from 3-5 to 6-8 hours post hydration. FPKM values for kinesin-13b 
remain high throughout development (Table 3-1) and the levels of this transcript do 




and opposite pattern to kinesin-13a. Kinesin-13c increases specifically from the 1-2h 
to the 3-5h time interval of development (Figure 3-2). These opposing patterns of 
transcript abundance were investigated and validated with RT-PCR (Figure 3-7A). 
Since kinesin-13 is involved in mitosis and ciliogenesis, the fact that Marsilea has 
three kinesin-13 transcripts each with unique and opposing patterns of abundance 
makes this kinesin family an interesting target for functional analysis during 
gametogenesis. 
Translated protein alignments reveal that kinesin-13 in Marsilea is more 
similar to Kif24 than Kif2. All Marsilea kinesin-13s lack the short neck region 
typically associated with microtubule depolymerization (Figure 3-7B). In addition 
like kif24, both kinesin-13a and kinesin-13b contain an N-terminal SAM domain that 
is important for mediating protein-protein interactions (see Chapter 2). These are 
features that are shared by other plant kinesin-13s (Oda and Fukuda, 2013; Deng et 
al., 2015). Marsilea kinesin-13c does not possess a SAM domain (see Chapter 2). 
Kinesin-13a and kinesin-13b show major defects in mitosis and cell division 
after knockdown. At eight hours of development, knockdowns of kinesin-13a have 
disorganized division planes, large and misshaped nuclei, and plastids are localized to 
spermatogenous cells. This indicates a problem with the asymmetric divisions early in 
development that produce jacket cells (Figure 3-7C). Kinesin-13b has a similar 
phenocopy; however, the defects in development are more severe. There is only one 
large nucleus in the gametophyte, no division planes are visible, and plastids can be 




to any divisions (Figure 3-7D). However, the silencing of kinesin-13c did not produce 
any discernable defects in development when visualized at 8 hours (Figure 3-7E).  
Visualization with anti-α-tubulin antibody, anti-centrin antibody, and DAPI at 
eight hours of development showed obvious defects in spermatid differentiation after 
silencing of kinesin-13a or kinesin-13b. After knockdown of kinesin-13a (Figure 3-
7F) or kinesin-13b (Figure 3-7G) the microtubule ribbon and the nuclear coil are 
severely disorganized compared to controls. Anti-centrin antibody staining showed 
larger than normal centrin spots and the expression of centrin throughout the 
gametophyte (Figure 3-7I, J). These large centrin spots could be enlarged 
blepharoplasts that failed to dissociate completely during the process of basal body 
dispersion. Spermatid differentiation is normal after silencing of kinesin-13c (Figure 
3-7H, K), confirming results obtained with TBO.  
To determine the exact timing of these severe defects in development, kinesin-
13 knockdowns were also fixed and sectioned at two (Figure 3-7L-N) and five 
(Figure 3-7O-Q) hours after spore hydration and visualized with TBO. At both two 
and five hours of development, kinesin-13a (Figure 3-7L, O) and kinesin-13b (Figure 
3-7M, P) exhibit major morphological defects and look similar to knockdowns 
visualized at eight hours. This indicates that these kinesins are important during the 
asymmetric divisions that establish cell fate during the first two hours of 
development. Similar problems in development were observed in both kinesin-13a 
and kinesin-13b knockdowns (Figure 3-7D, M, P). In contrast, kinesin-13c 
knockdowns proceeded through development normally and do not show any 




Figure 3-7. Kinesin-13. Part 1 of 3.  
(A) RT-PCR of kinesin-13a, -13b, and -13c. Kinesin-13a is most abundant during the first 
5h, -13b does not change, and -13c is most abundance during the 3-5h and 6-8h time 
intervals. (B) Alignments of the kinesin-13 neck and motor domain with conserved 
regions in yellow and green, respectively. Pink lines represent nucleotide binding regions 
and the orange line highlights a kinesin-13 specific motor insert.  Marsilea kinesin-13s do 






Figure 3-7. Kinesin-13. Part 2 of 3. 
Knockdowns of (C, F, I) kinesin-13a, (D, G, J) -13b and (E, H, K) -13c visualized at 
8h post hydration with (C-E) TBO, (F-K) DAPI (blue), (F-H) anti-tubulin antibody 
(red), and  (I-K) anti-centrin antibody (red). Silencing of kinesin-13a and -13b result 
in severe defects in development with a failure to distinguish spermatogenous cells 
from jacket cells and an absence of differentiation with the incomplete formation of 
the nuclear coil, microtubule ribbon, and basal bodies. Silencing of kineins-13 does 






Figure 3-7. Kinesin-13. Part 3 of 3. 
Knockdowns of (L, O) kinesin-13a, (M, P) -13b, and (N, Q) -13c visualized at (L-
N) 2h or (O-Q) 5h post-hydration and visualized with TBO. At both 2 and 5h, 
kinesin-13a and -13b exhibit major morphological defects and jacket cells are 





 Land plants have a highly diversified group of kinesin-14s (see Chapter 1 and 
2). Of the numbers kinesin-14 family members that exist in plants, kinesin-14 VI 
(KCBP) is likely the best studied. Kinesin-14 VI is involved in establishing memory 
at the PPB and for general microtubule organization in Arabidopsis (Bowser and 
Reddy, 1997; Oppenheimer et al., 1997; Vos et al., 2000; Lazzaro et al., 2013; 
Buschmann et al., 2015). In Chlamydomonas kinesin-14 VI is localized to spindle 
poles, phycoplast microtubules, basal bodies, and at the ciliary membrane (Dymek et 
al., 2006). In Physcomitrella, kinesin-14 VI is only weekly expressed during 
cytokinesis and is not considered to play an important role in mitosis (Miki et al., 
2014). Marsilea has two transcripts that encode members of the kinesin-14 VI family 
(Figure 3-1B). In Marsilea, kinesin-14 VIa increases in abundance specifically during 
the time interval associated with spermatid differentiation (from the 3-5h to the 6-8h 
time interval) while abundance levels of kinesin-14 VIb do not change (Figure 3-2). 
mRNA levels of kinesin-14VIa were validated with RT-PCR (Figure 3-8A). This 
pattern of abundance makes it unlikely that kinesin-14 VIa is involved in mitosis.  
To test this hypothesis, developing gametophytes were treated with kinesin-14 
VIa dsRNA and visualized with TBO at eight hours of development. Knockdowns of 
kinesin-14 VIa have rounded spermatids and large, oval nuclei (Figure 3-8B). This is 
reminiscent of an earlier stage of development prior to differentiation and suggests 
that kinesin-14 VIa is required for spermatid differentiation. In accordance with this 
observation, 8h gametophytes visualized with DAPI (Figure 3-8 C, D) also have large 




the nuclear coil. The microtubule ribbon (Figure 3-8 C) is absent in these cells. 
Knockdowns of kinesin-14 VIa have a large aggregate of centrin staining (Figure 3-8 
D) that resemble blepharoplast particles. The blepharoplast is a cytoplasmic particle 
that forms during the last mitotic division and functions like a centrosome (Sharp, 
1914; Hepler, 1976). As spermatids differentiate, the blepharoplast serves as the site 
for de novo basal body assembly (Hepler, 1976). In this knockdown, no further 
maturation of the blepharoplast (for basal body formation) was observed. 
ARK and ARK-LIKE 
 Armadillo repeat kinesins (ARK) are plant specific and contain ARM domains 
that are important for mediating protein-protein interactions. In plants, ARKs are 
important in nuclear localization, asymmetric division, and in general microtubule 
organization (Malcos and Cyr, 2011; Miki et al., 2014; 2015). ARK-LIKE kinesins 
are similar to ARKs; however, they are restricted to ciliated organisms (see Chapter 
2) and lack the important ARM domains associated with ARK kinesins (Shen et al., 
2012). Marsilea has three transcripts that encode ARK kinesins and one ARK-LIKE 
kinesin. ARKa, ARKb, and ARK-LIKE all increase in abundance, while ARKc 
decreases in abundance during gametogenesis (Figure 3-1B). Specifically, ARKc 
decreases in abundance over the entire course of development (from the 1-2h to the 6-
8h time interval) and ARK-LIKE does the opposite and increases in abundance 
during the same time frame (Figure 3-2). These patterns of transcript abundance were 
verified with RT-PCR (Figure 3-9A). I chose to examine the role of ARKc and ARK-




abundance and suggested roles in positioning asymmetric division planes and 
ciliogenesis, respectively. 
Knockdown of ARKc in Marsilea did not show any obvious defects at eight 
hours of development (Figure 3-9B). It is therefore difficult to determine if ARKc in 
Marsilea functions like other ARKs proteins in nuclear migration and in positioning 
asymmetric divisions planes. Further analysis of ARKa and ARKb are required to 
definitely answer this question. At 8 hours after knockdown of ARK-LIKE, 
spermatids have a round appearance and do not possess the characteristic helical 
shape that is present after differentiation. However, large round nuclei in these cells 
are not visible indicating that some nuclear elongation has occurred (Figure 3-9C). 
Spermatid differentiation after knockdown of ARK-LIKE is likely to be incomplete. 
To investigate the phenocopy associated with the knockdown of ARK-LIKE 
the localization of the microtubule ribbon, nuclear coil, and centrin was investigated 
after silencing. The localization of the microtubule ribbon is correct in these cells, 
although it appears more disorganized and much more diffuse than in controls (Figure 
3-9D). Centrin staining is localized to spermatogenous cells indicating that no loss of 
cell fate has occurred during development. In the spermatogenous cells, centrin forms 
aggregates that are reminiscent of basal bodies, however, they are larger than in 
controls and do not become dispersed as small punctate dots, like normal basal bodies 
(Figure 3-9E). This pattern of centrin expression points to defects in differentiation, 







Figure 3-8. Kinesin-14 VI. 
(A) RT-PCR showing that kinesin-14 VIa transcripts increase in 
abundance. Knockdowns at 8h post hydration visualized with (B) TBO, 
(C-D) DAPI, (C) anti-tubulin, or (D) anti-centrin. Silencing of kinesin-
14 VI does not have any effect on cell division planes or cell fate, but 
spermatids fail to differentiate and do not produce coiled nucleus, a 





Figure 3-9. ARK and ARK-LIKE. 
(A) RT-PCR showing that ARKc 
transcripts decrease and ARK-LIKE 
transcripts increase in abundance. (B) 
Knockdowns of ARKc visualized with 
TBO at 8h do not show any defects in 
development. (C-E) knockdowns of 
ARK-LIKE visualized with (C) TBO, 
(D-E) DAPI, (D) anti-tubulin, or (E) 
anti-centrin at 8 h post hydration. 
Silencing of ARK-LIKE produces 
round spermatogenous cells (sp) that 
fail to form a complete microtubule 






 Similar to ARK-LIKE, kinesin-‘orphan’ III is also restricted to ciliated 
organisms; however, the presence of kinesin-‘orphan’ III is more highly conserved 
outside of plants (Wickstead and Gull, 2006; Wickstead et al., 2010b). Marsilea has 
one transcript that encodes kinesin-‘orphan’ III and this transcript significantly 
increases in abundance between the 1-2h and 3-5h time intervals (Figure 3-2, 3-10A). 
This increase suggests a role for this kinesin during the events that occur after the 
establishment of polarity in the gametophyte and possibly during the differentiation 
of spermatids into motile spermatozoids. After the knockdown of ‘orphan’-III there 
are no major changes in development in gametophytes visualized at eight hours post 
hydration, although one plastid localized inside a spermatid (Figure 3-10B). 
For the majority of kinesin knockdown, the defects in development observed 
after RNAi were manifested as arrested development at a stage that matched the time 
when the transcript became abundant in untreated gametophytes (Table 3-2). This set 
of results suggests that each kinesin becomes rate limiting for further development 





Figure 3-10. Kinesin-‘orphan’ III. 
(A) RT-PCR of ‘orphan’ III showing 
that transcripts increase in abundance 
during development. (B) Silencing of 
‘orphan’ III produces gametophytes 
with no major morphological defects 
in development, although one plastid 
(p) can be found mis-localized to a 




Table 3-2. Summary of the affect of kinesin knockdowns on spermatid development in Marsilea  
 
 
Phenocopy after RNAi Developmental Arrest Developmental Process 
Kinesin-13b 
No organized division planes, absence of 
mitosis, no jacket cells present 
In the first 90 minutes of 
development 
No mitotic divisions 
Kinesin-13a 
No organized division planes, plastids present 
in spermatogenous cells 
Between 1 and 3 hours 
No organized divisions to distinguish 
jacket from spermatogenous cells 
Kinesin-4 Ic 
Large and unevenly distributed 
spermatogenous cells 
Between 3 and 5 hours 
Skipped symmetric cell divisions 
that give rise to 32 spermatids  
Kinesin-14 VIa 
Spermatogenous cells have round appearance 
and round nuclei 
Before 6 hours of 
development 
No differentiation of spermatids 
ARK-LIKE 
Spermatids do not have characteristic shape, 
round nuclei not visible 
Between 6 and 8 hours 
Incomplete differentiation of 
spermatids 
Kinesin-12 II 
Normal progression through the first eight 
hours of development 




Normal progression through the first eight 
hours of development 




Normal progression through the first eight 
hours of development 




Normal development, although one plastid 
located inside a spermatogenous cell 






Discussion and Conclusions 
Kinesin transcripts change in abundance during gametophyte development 
Similar to many rapidly developing systems, spermatogenesis in Marsilea 
does not require significant amounts of transcription (Hart and Wolniak, 1998, 1999; 
Klink and Wolniak, 2001; Tsai and Wolniak, 2001; Tasi et al., 2004; Deeb et al., 
2010; Boothby and Wolniak, 2011; Wolniak et al., 2015) though exit of mature 
gametes from the spore wall may require some mRNA synthesis (Hart and Wolniak, 
1998; Klink and Wolniak, 2003). Previous work from our laboratory has shown that 
patterns of transcript abundance and availability are important for regulating rapid 
development. pre-mRNAs are stored as intron-containing, masked transcripts until 
spore rehydration, when they are unmasked, processed, and subsequently translated in 
the developing gametophyte (Tsai et al., 2004; Boothby et al., 2013; Wolniak et al., 
2015). My analysis of the kinesin family in Marsilea shows that almost all (91%) 
kinesin transcripts change in abundance during development. I suspect that kinesin 
transcripts that decrease (52%) in abundance as gametophyte development progresses 
become undetectable, presumably by destruction after translation, while kinesin 
transcripts that increase (39%) in abundance during development become detectable 
by unmasking, splicing, and polyadenylation at a specific time intervals after spore 
hydration when their translation is required for development (Deeb et al., 2010; 
Boothby and Wolniak, 2011; Boothby et al., 2013; Wolniak et al., 2015).  
I found that almost all kinesin mRNAs that decrease in abundance during 
development in Marsilea encode proteins with known roles in plant mitosis and 




encode 50% (2/4) of the kinesins in this subfamily decrease in abundance during 
spermatogenesis in Marsilea (Figure 3-1A). However, members of the kinesin-7 I 
subfamily are not known to be involved in plant cell mitosis and instead are expressed 
in mitochondria (Itoh et al., 2001). In contrast, animal kinesin-7 (CENP-E) is a 
kinetochore-associated motor important for localizing and positioning chromosomes 
at the metaphase plate during mitosis (Yardimci et al., 2008). The significance of this 
in Marsilea has not been functionally studied, though kinesin-7 II in Physcomitrella 
shows a similar pattern of localization to CENP-E (Miki et al., 2014) and the single 
kinesin-7 III motor present in the Marsilea male gametophyte decreases in abundance 
as the gametophyte exits its phase of successive cell division cycles. It is therefore 
possible that plant kinesin-7 III is most similar to animal CENP-E and that kinesin-7 I 
is a more divergent subgroup of this large kinesin family in plants. 
Decreases in kinesin transcript abundance are generally not specific for any 
particular time period of development. Almost all of the kinesins that decrease in 
abundance do so over the entire course of spermatogenesis, between the 1-2h and the 
6-8h time intervals (Figure 3-2). The only exception to this is kinesin-13a. This 
transcript decreases specifically between the 3-5h and 6-8h time interval of 
development and levels of kinesin-13a are highest 1-2h post hydration (Figure 3-2, 
Table 3-1). This suggests a specific role for kinesin-13a during the asymmetric 
divisions that establish cell fate in the microspore, when transcript levels are highest. 
In support of this, functional studies point to a role for kinesin-13a during the early 
division cycles that establish cell fate in the gametophyte (Figure 3-7). 




up-regulated during mitosis in Arabidopsis (Vanstraelen et al., 2006) or are non-
mitotic or not expressed in Physcomitrella caulonemal cells (Miki et al., 2014). It 
appears then, that these transcripts do not encode mitotic kinesins. Of these, kinesin-2 
and -9 have established roles in ciliogenesis and motility and are only found in 
ciliated organisms (Wickstead and Gull, 2006). The fact that both of these kinesins 
increase in abundance during gametophyte development suggests that they are also 
involved in ciliogenesis in Marsilea (see Chapter 4 for functional analysis of kinesin-
2 and kinesin-9 during ciliogenesis). Kinesin-4 II, ARK-LIKE, and kinesin-‘orphan’ 
III are also restricted to ciliated organisms (see Chapter 2) and increase in abundance 
in during gametophyte development. These kinesins are not currently known to 
function during ciliogenesis or inside cilia; however, their restricted distribution and 
patterns of abundance make them interesting targets for further investigation. 
Functional analysis of ARK-LIKE confirms the involvement of this kinesin in 
spermatid differentiation (Figure 3-9). 
Transcripts that increase in abundance significantly show these rises during 
precise time intervals of development (Figure 3-2). This suggests that the mechanisms 
that regulate the increase in the abundance of specific transcripts (unmasking, 
splicing, polyadenylation) are tightly controlled and temporally regulated. Many 
kinesin transcripts increase specifically from 1-2 to 3-5 hours post hydration, 
suggesting they are not required for asymmetric divisions, but may be needed for 
symmetric spermatogenous cell divisions, for blepharoplast formation, or for later 
events during differentiation and ciliogenesis. Some transcripts also specifically 




differentiation, cell morphogenesis, and ciliogenesis.  
In addition to kinesins that increase and decrease in abundance, a few kinesin 
transcripts do not change exhibit significant changes in abundance during 
gametophyte development. FPKM values for these transcripts are generally high 
throughout development (Table 3-1). Examples of this include transcripts that encode 
kinesin-8 IIb, -13b, and -14 IIIb. Kinesin-13b is needed early in development to 
establish cell fate and polarity (Figure 3-7). In Marsilea, there are three transcripts 
that encode kinesin-8 and another three that encode kinesin-13. In each case, one 
transcript increases in abundance, one decreases, and one does not change 
significantly. The significance of this in Marsilea is unclear, but both kinesin-8 and 
kinesin-13 are known for their ability to depolymerizing microtubules (Desai et al., 
1999; Moores and Milligan, 2007). This makes them important players in mitosis and 
in regulating the length of ciliary axonemes (Varga et al., 2006; Blaineau et al., 2007; 
Mayr et al., 2007; Piao et al., 2009; Varga et al., 2009; Delgehyr et al., 2012; Niwa et 
al., 2012; Wang et al., 2013). It is intriguing to speculate that the microtubule 
depolymerizing activity of kinesin-8 and kinesin-13 is conserved in Marsilea and that 
specific transcripts change in abundance in accordance with their functions during 
either mitosis or ciliogenesis.  
Patterns of kinesin transcript abundance correlate with protein function  
My analysis shows that transcripts that encoding kinesin-4 Ic, kinesin-12 II, 
kinesin-13a, and ARKc in Marsilea decrease in abundance during gametophyte 
development. Of these, kinesin-4 Ic and kinesin-13a are shown to be required for the 




2). Kinesin-4 Ic decreases significantly over the course of development and is 
required during the symmetric cell divisions that give rise to 32 spermatids (Figure 3-
5). Kinesin-13a decreases specifically from the 3–5 h to the 6–8 h time interval and is 
the only kinesin showing this pattern of transcript abundance. Knockdowns show that 
this kinesin is required much earlier in development during the asymmetric divisions 
that distinguish spermatogenous cells from jacket cells (Figure 3-7). These results are 
generally consistent with the established roles of these kinesins during mitosis, 
although the precise involvement of kinesin-4 and kinesin-13 in plant mitosis has yet 
to be clearly demonstrated (see Chapter 1). In animals, kinesin-4 (Kif4) binds to 
chromosome arms (Wu and Chen, 2008) and is important for regulating microtubule 
dynamics at the spindle midzone (Bieling et al., 2010). One member of the kinesin-4 
family in Physcomitrella has a similar localization pattern (nucleus, chromosomes, 
and midzone) to animal Kif4 (Miki et al., 2014). Kinesin-13 (Kif2) has microtubule 
depolymerizing activity (Desai et al., 1999) and members of this family are required 
for spindle assembly during mitosis (Ems-McClung and Walczak, 2010). This 
evidence suggests conserved function for both kinesin-4 and kinesin-13 during 
mitosis.  
In contrast, kinesin-12 II and ARKc decrease in abundance and did not show 
any morphological changes in development after knockdown (Table 3-2). In 
Arabidopsis and Physcomitrella Kinesin-12 II localizes to the phragmoplast and is 
important for microtubule organization during cytokinesis (Lee and Liu, 2000; Pan et 
al., 2004; Lee et al., 2007; Oh et al., 2012; Miki et al., 2014). Since there is only one 




would be needed during cytokinesis and that knockdowns of kinesin-12 II would 
show defects during cell division. The lack of a detectable phenocopy in kinesin-12 II 
knockdowns (Figure 3-6) suggests that kinesin-12 II functions redundantly with other 
phragmoplast kinesins or that defects in cell division were minor and went unnoticed 
in our detection system. A similar fate can be prescribed to ARKc, which is the only 
ARK kinesin to decrease in abundance during gametogenesis in Marsilea (Figure 3-
2). ARK is the only kinesin that is known to be important for positioning asymmetric 
divisions in plants (Malcos and Cyr, 2011) and I suspected that knockdowns of ARKc 
would display significant abnormalities during the asymmetric divisions that establish 
cell fate. However, knockdowns visualized at eight hours post hydration did not show 
any defects in development (Figure 3-9B). Further analysis of ARKa and ARKb are 
needed to determine if a conserved role for ARKs during asymmetric divisions and in 
nuclear migration exists.  
Knockdowns of kinesins that increase in abundance, kinesin-13c, ARK-LIKE, 
kinesin-‘orphan’ III, and kinesin-14 VIa, showed unique phenocopies in the Marsilea 
gametophyte (Table 3-2). Kinesin-13c increases significantly between the 3-5 and 6-8 
hour time intervals of development (Figure 3-2). Since kinesin-13 is known to be 
important for ciliogenesis in Chlamydomonas (Piao et al., 2009; Wang et al., 2013), I 
suspected kinesin-13c knockdowns would exhibit problems with basal body 
formation and spermatid differentiation. Instead, kinesin-13c knockdowns appeared 
morphologically normal (Figure 3-7). ARK-LIKE kinesin increases throughout 
development (Figure 3-2) and is apparently required for the normal differentiation of 




helically shaped cell bodies. Moreover, round nuclei, present in spermatids prior to 
differentiation, are not visible, which suggests that differentiation is abnormal or 
incomplete (Figure 3-9). Kinesin-‘orphan’ III increases specifically from the 1–2 to 
3–5 hour time interval (Figure 3-2). These knockdowns proceed through the normal 
numbers of cell divisions and the spermatids differentiate normally (Figure 3-10). 
These are the first functional studies on both ARK-LIKE kinesin and kinesin-
‘orphan’ III.  
Most kinesin mRNAs that do not change in abundance are present throughout 
gametophyte development at high levels (Table 3-1). Knockdowns of kinesin-13b 
become arrested early in development and no cell divisions are apparent (Figure 3-7, 
Table 3-2). This phenocopy is distinct from knockdowns of both kinesin-13a and 
kinesin-13c, leading to the conclusion each kinesin-13 present in Marsilea performs 
unique, yet complementary, functions. Kinesin-13a and kinesin-13b are important in 
organizing division planes early in development, which kinesin-13c is not involved in 
this process and may be required later in development. From these results, it appears 
that high levels of kinesin-13b are required for development to proceed in an 
organized fashion.  
Kinesin-14 VIa (KCBP) presents an interesting illustration of how these 
studies in Marsilea can be used to make conclusions about the functions of plant 
kinesins. This kinesin is highly conserved in plants (see Chapter 2) and contains 
MyTH4 and FERM accessory domains in addition to a c-terminal kinesin motor 
(Richardson et al., 2006). Marsilea contains only one transcript that encodes kinesin-




development when the division cycles have been completed (Figure 3-2). Previous 
studies show conflicting roles for kinesin-14 VI during both cell division and 
ciliogenesis, depending on the system. In Arabidopsis, kinesin-14 VI is involved in 
mitosis (Buschmann et al., 2015), but in Physcomitrella it is only weakly observed at 
the nuclear envelope during cytokinesis (Miki et al., 2014). In Chlamydomonas, 
kinesin-14 VI has dual roles in mitosis and in the flagellum (Dymek et al., 2006). 
Recently Physcomitrella kinesin-14 VI has been implicated in retrograde cytoplasmic 
transport, although the cargo moved by this kinesin remains unknown (Jonsson et al., 
2015). My analysis of kinesin-14 VIa points to the importance of this kinesin during 
spermatid differentiation, but does not address the possible role of this kinesin in 
retrograde transport. Knockdowns suggest that kinesin-14 VIa is required for 
spermatid differentiation since development is arrested before gamete maturation 
reaches completion (Figure 3-8, Table 3-2). Therefore kinesin-14 VIa in Marsilea 
appears to have a more similar function to kinesin-14 VI in Physcomitrella and in 
Chlamydomonas that it’s Arabidopsis counterpart. 
In the 1980s, it was suggested that tubulin was limiting for development in the 
male gametophyte of Marsilea and that the translation of tubulin was required for 
ciliogenesis (Pennell et al., 1986, 1988). Although some translation of tubulin occurs 
during late phases of gametophyte development (Hart and Wolniak, 1999; Klink and 
Wolniak, 2003), silencing experiments suggested that tubulin was not truly rate 
limiting for gamete formation to reach normal completion (Klink and Wolniak, 
2001). Here, through RNAseq and functional silencing assays, I now posit that 




during the formation of the ciliary axonemes in motile spermatozoids. Next I will 
investigate this possibility further by looking into the role of other important 
regulators of ciliogenesis (kinesin-2, kinesin-9, flagellar dynein, IFT proteins, etc.) 




Chapter 4: Kinesin-2 and Kinesin-9 have Atypical Functions 
during Ciliogenesis in the Male Gametophyte of Marsilea vestita 
 
Note: The following has been adapted from an article in revision at BMC Cell 
Biology, 2016. 
Introduction 
Cilia, intraflagellar transport, and kinesin motor proteins 
Ciliogenesis is the process of by which cilia axonemes, extensions of singlet 
and doublet microtubules, are assembled at the distal end of a basal body and are 
surrounded by a specialized membrane to protrude from the cell surface. Cilia 
function to either power cell motility or serve a sensory function and receive outside 
signal. Motile cilia have a highly conserved ‘9+2’ microtubule organization, with 
nine doublet microtubules surrounding two central pair singlet microtubules. Doublet 
microtubules are attached to inner and outer arm dynein arms. This generates sliding 
between the microtubule doublets (Sale and Satir, 1977; Sale, 1986; Wargo et al., 
2004; Wirschell et al., 2009). This sliding is converted to bending by nexin, which 
connects neighboring doublet microtubules, and allows cilia to power motility 
(Summers and Gibbons, 1971; Nicastro et al., 2006; Heuser et al., 2009). Radial 
spoke proteins also attach to the doublet microtubules and transiently interact with 
central pair microtubules (Warner and Satir, 1974; Goodenough and Heuser, 1985; 




a three-dimensional beat shape, where a power stroke is manifested along the entire 
length of the axoneme, and a recovery stroke is initiated at the base and is propagated 
distally (Wolniak and Cande, 1980). In contrast, flagellar beat is a planar event, 
where the power stroke is a sinusoidal wave shorter than the length of the axoneme. 
The wave initiates at the proximal portion of the axoneme, and moves distally. Radial 
spokes maintain the beating of cilia (Witman et al., 1978; Afzelius and Eliasson, 
1979) by transmitting signals that regulate the activity of dynein arms in different 
portions of the axoneme for the propagation of the power and recovery strokes (Patel-
King et al., 2004; Smith and Yang, 2004; Yang et al., 2006). Sensory cilia lack the 
central pair microtubules and the dynein arms, which are required for motility. 
Like the structure of ciliary axonemes, the processes involved in ciliogenesis 
are also highly conserved in eukaryotes. Proteins important for axoneme assembly 
and function are localized in the axoneme by intraflagellar transport (IFT). IFT was 
first observed in Chlamydomonas (Bloodgood, 1977) and since as been confirmed in 
a broad range of eukaryotic organisms, from protists to mammals. During IFT, 
kinesin-2 is responsible for transporting cargo in the anterograde direction towards 
microtubule plus-ends, located at the distal ends of forming axonemes (Scholey, 
2013). IFT dynein, also referred to as cytoplasmic dynein-2 or dynein-1b, is 
responsible for IFT in the opposite direction, towards microtubule minus-ends located 
at the basal bodies (Pazour et al., 1999; Porter et al., 1999). Kinesin-2 is only found in 
organisms that are ciliated at some point throughout the life cycle (Wickstead and 
Gull, 2006; Wickstead et al., 2010b). Although IFT is the primary means by which 




falciparum and the sperm flagella of Drosophila axonemes are assembled using a 
mechanism independent of IFT. In this case, complete axonemes form in the 
cytoplasm, rather than within membrane extensions, and without the involvement of 
kinesin-2 (Han et al., 2003; Sarpal et al., 2003; Briggs et al., 2004). 
 Several kinesin-2 isoforms are important for IFT. Kinesin-2 isoforms 
assemble into a heterotrimeric complex that is responsible for IFT in motile cilia. The 
complex consists of a kinesin-2α, a kinesin-2β, and a kinesin associated protein 
(KAP) important for cargo binding (Scholey, 2013). In Chlamydomonas, mutations in 
the heterotrimeric kinesin-2 complex block IFT and ciliary assembly does not occur 
normally (Huang et al., 1977; Walther et al., 1994; Kozminski et al., 1995; Cole et al., 
1998). Separate kinesin-2 homodimers also exist and consist of two kinesin-2γ 
subunits. KAPs are not currently known to associate with homodimeric kinesin-2 
(Scholey, 2013). Kinesin-2γ, also known as OSM-3 in C. elegans or KIF17 in 
mammals, works in conjunction with heterotrimeric kinesin-2 to assemble sensory 
cilia (Signor et al., 1999; Setou et al., 2000; Snow et al., 2004; Evans et al., 2006; 
Imanishi et al., 2006; Pan et al., 2006). 
Kinesin-9 proteins have a conserved role axoneme assembly and motility. 
Like kinesin-2, kinesin-9 is only found in ciliated organisms (Wickstead and Gull, 
2006; Wickstead et al., 2010b). Phylogenetic analysis shows the existence of two 
kinesin-9 subfamilies, kinesin-9A and kinesin-9B (Wickstead and Gull, 2006; 
Demonchy et al, 2009). Kinesin-9A localizes to central pair microtubules (Bernstein 
et al., 1994; Yokoyama et al., 2004) and is required for motility. Mutations in kinesin-




al, 2009). This is due to the interaction between kinesin-9A and hydin, another central 
pair protein that is required for motility (Lechtreck and Witman, 2007; Lechtreck et 
al., 2008). Currently, little is known about kinesin-9B; however, in T. brucei, kinesin-
9B localizes to basal bodies and is necessary for the construction of the paraflagellar 
rod (Demonchy et al, 2009). Two other kinesins are also restricted to ciliated 
organisms, kinesin-‘orphan’ III (kinesin-16) and kinesin-17 (Wickstead and Gull, 
2006; Shen et al., 2012). The function of these kinesins either in ciliogenesis or 
motility is unknown (Figure 3-10; Tomei and Wolniak, 2016). 
Ciliogenesis in the Marsilea male gametophyte 
 Although the processes that regulate the generation, structure, and function of 
cilia are highly conserved, not all organisms contain cilia. The loss of cilia is most 
pronounced during the evolution and adaption of land plants from green algae. 
Conifers and angiosperms do not make any ciliated cells, while lower plants such as 
ferns, mosses, and related groups produce ciliated male gametes (Raven et al., 1999; 
Pryer et al., 2004; Brown et al., 2015). These gametophytes are the only cells in the 
organisms that possess basal bodies and axonemes. Basal body formation in these 
organisms occurs in the spermatids as a de novo process; these plants lack centrioles 
in their cells (Wolniak et al., 2011; 2015; Prayer et al., 2014). Water is required for 
the male gametophyte of these organisms to swim to the female gametophyte, so 
while these organisms are adapted to life on land, they remain dependent upon water 
for fertilization. In contrast, the male gametophyte in conifers and angiosperms 
(pollen) extends a tube that allows amoeboid sperm cells to approach the egg. In 




important for IFT and motility is also observed. For example, Arabidopsis, a 
flowering plant commonly used as an experimental genetic model system, does not 
contain members of the kinesin-2, -9, -orphan III, or -17 families. Chlamydomonas, 
the moss Physcomitrella, and the water fern Marsilea contain members of all these 
kinesin families, except kinesin-17, which is only present in Chlamydomonas (Reddy 
and Day, 2001; Richardson et al., 2006; Wickstead and Gull, 2006; Wickstead et al., 
2010b; Shen et al., 2012; Tomei and Wolniak, 2016). Due to the absence of cilia and 
IFT proteins in many land plants, the majority of research on ciliogenesis in plants 
has been conducted in Chlamydomonas. This is despite the fact that the conserved 
‘9+2’ microtubule organization of motile axonemes was first observed in the 
spermatozoid from a fern (Manton and Clarke, 1951).  
Here, I am using spermatogenesis in Marsilea as a model for de novo 
ciliogenesis in order to fill this important gap and expand our knowledge on plant 
ciliogenesis. This provides us the unique ability to study the construction, 
organization and motility of ciliary apparatus produced in gametes of a land plant. 
Moreover, this gametophyte provides insights on the mechanisms that evolved to 
regulate de novo ciliogenesis in specialized cells of otherwise nonmotile organisms. 
Ciliogenesis in Marsilea occurs on basal bodies that form de novo during the 
differentiation of spermatids into motile spermatozoids (Sharp, 1914; Hepler, 1976; 
Myles and Hepler, 1977). Each spermatozoid contains about 140 cilia (Figure 1-1E) 
and is able to swim in shallow ponds to reach the female gametophyte for 
fertilization. Basal bodies are arranged regular intervals along a microtubule and 




spermatozoids, producing corkscrew shaped cells (Figure 1-3) (Sharp, 1914; Myles 
and Hepler, 1977). At first, basal bodies are oriented so cilia diverge from each other 
(Figure 1-4A). Basal bodies then rotate 90° so that the cilia protrude vertically in two 
regular rows (Figure 1-4B) (Myles et al., 1978; Myles and Hepler, 1982). An 
extension of cytoplasm grows around the anterior end of each spermatid and 
eventually fuses together to surround each cell. This creates an internal, but 
extracellular space that contains the microtubule ribbon and organelle coil plus all of 
the cilia (Figure 1-4C). Since ciliogenesis occurs in an extracellular space, IFT is 
suspected to be important for cilia assembly in Marsilea. After development is 
complete, spermatozoids break free from the surrounding cytoplasm leaving behind a 
thin, vesicle-like structure (Myles and Hepler, 1977). 
During gametophyte development, ciliogenesis is restricted to the last two to 
four hours of an eleven-hour developmental program (Sharp, 1914; Hepler, 1976; 
Myles and Hepler, 1977; Myles et al., 1978; Wolniak et al., 2011; 2015). The first 
five hours are dedicated to producing 32 spermatid cells and seven sterile cells within 
each microspore (Figure 1-2). Using the transcriptome and the temporal separation of 
ciliogenesis from earlier phases of development, it is easy to determine which 
transcripts are enriched during the stage of development associated with ciliogenesis. 
The working hypothesis is that transcripts present during this stage of development 
become available for detection, and potentially translation, through RNA unmasking, 
the splicing of retained introns, and then, polyadenylation (Boothby and Wolniak, 
2011; Boothby et al., 2013). Since kinesin-2 and kinesin-9 are vitally important for 




transcriptome during the time interval associated with spermatid morphogenesis and 
differentiation (Chapter 2; Tomei and Wolniak, 2016), I was interested in 
investigation the potential roles of these proteins during ciliogenesis in Marsilea. 
Here I show that unlike many other systems, the male gametophyte of Marsilea has 
only one kinesin-2 that is apparent in its transcriptome. It is most similar to the 
kinesin-2 found in Physcomitrella and is divergent from the typical heterotrimeric 
kinesin-2 associated with IFT. MvKinesin-2 is required for two separate events in this 
gametophyte. It is necessary for cytokinesis in spermatogenous cells and is also 
important for regulating the length of cilia during later phases of spermatid 
maturation. The Marsilea gametophyte has two transcripts that encode members of 
the kinesin-9 family; one is similar to the kinesin-9A and the other is most like 
kinesin-9B. In the gametophyte, we show that MvKinesin-9A is involved in the 
proper positioning of basal bodies that are required for ciliogenesis and it is necessary 
for motility. MvKinesin-9B is not required for ciliogenesis and is instead needed for 




Characterization of kinesin-2 and kinesin-9 family in Marsilea 
In order to determine whether kinesins are necessary for ciliogenesis during 
male gametophyte development in Marsilea, I searched our transcriptome for 




Chlamydomonas kinesins-2 and kinesin-9 sequences (Figure 4-1). I used these 
sequences as the basis of my search because both Chlamydomonas and 
Physcomitrella have the capacity to make ciliary axonemes and are two of the more 
closely related species to Marsilea with annotated kinesin families (Shen et al., 2012; 
Miki et al., 2014). Moreover, kinesin-2 and kinesin-9 are known to be involved in 
ciliogenesis in Chlamydomonas (Huang et al., 1977; Bernstein et al., 1994; Walther et 
al., 1994; Kozminski et al., 1995; Cole et al., 1998; Lechtreck et al., 2007). This 
search allowed me to identify one candidate kinesin-2 transcript and two candidate 
kinesin-9 transcripts (Figure 4-1). The results were verified and confirmed by 
comparing them to all the kinesin-like sequences found in the Marsilea gametophyte 






Figure 4-1. Identification of kinesin-2 and kinesin-9 sequences in Marsilea.  
(A) Kinesin-2 and kinesin-9 protein sequences from Physcomitrella patens and 
Chlamydomonas reinhardtii that were used to search the Marsilea transcriptome. 
(B) Stand alone blast was used to search the transcriptome for kinesin-2 and 
kinesin-9 sequences. Results show that there is one kinesin-2 sequence 
(KT986235) and two kinesin-9 sequences (KT986258, KT986259) in the male 





 Unlike other species, only one kinesin-2 has been identified in Physcomitrella 
(Shen et al, 2012). Similarly, only one was found in Marsilea (Figure 4-1). However, 
this single kinesin-2 in Marsilea shares many similarities with other eukaryotic 
kinesin-2s. The translated kinesin-2 sequence from Marsilea (MvKinesin-2) 
recognizes members of the kinesin-2 family from other ciliated eukaryotes. 
Reciprocal Blastp analysis shows that MvKinesin-2 recognizes CrFLA8 
(XP_001697037) and CrFLA10 (XP_001701510) with an expectancy (e)-value of 
0.0. Phylogenetic analyses of the motor domain of established kinesin-2s in plants 
and animals (Table 4-1) and multiple sequence alignment (Appendix I-3) demonstrate 
that the single kinesin-2 motor in Marsilea cannot be placed in the standard kinesin-
2α (-2A), -2β (-2B), or -2γ (-2C) subgroups (Figure 4-2). This is similar to the 
findings for both FLA10 and FLA8 in Chlamydomonas and for the kinesin-2 from 
Physcomitrella. MvKinesin-2 is most similar to the kinesin-2 in Physcomitrella. This 
is not surprising since the only ciliated cells in Marsilea and Physcomitrella are the 
male gametes. It is unclear whether the single kinesin-2 in Marsilea functions as a 
homodimer, a heterotrimer with yet unidentified partners, or as a single protein.  
The male gametophyte of Marsilea has two transcripts that encode kinesin-9-
like proteins. Phylogenetic analysis of the motor domain of established kinesin-9s in 
plants and animals (Table 4-1) and multiple sequence alignment (Appendix I-4) 
demonstrate that the kinesin-9s in Marsilea can be separated into kinesin-9A and 
kinesin-9B subfamilies (Figure 4-3). This provides further evidence for the existence 
of two distinct kinesin-9 subfamilies. Reciprocal Blastp analysis shows that translated 




recognize other members of the kinesin-9 family. MvKinesin-9A is similar to 
CrKLP1 (XP_001701617) and TbKIF9A (XP_846252) with an e-value of 4e-112 and 
8e-50, respectively. MvKinesin9B recognizes CrKIF9B (Cre01.g036800.t1.1) and 
TbKIF9B (XP_846346) with an e-value of 0.0 and 6e-89, respectively.  
MvKinesin-2, MvKinesin-9A, and MvKinesin-9B have a typical structure 
found in the conserved kinesin motor and ATP-binding domain architectures 
including the P-loop, switch I, and switch II motifs. Non-motor regions of 
MvKinesin-2, MvKinesin-9A, and MvKinesin-9B are not as highly conserved and 
possibly point to differences kinesin function and cargo binding (Figure 4-4).  
RT-PCR using poly(A+)-RNA isolated at 1-2h, 3-5h, and 6-8h of 
development shows that MvKinesin-2, MvKinesin-9A, and MvKinesin-9B transcripts 
increase in abundance from the 1-2h to the 6-8h time interval (Figure 4-5). This 
replicates our findings using RNAseq counts and edgeR analysis (see Chapter 2; 
Tomei and Wolniak, 2016). This pattern of transcript availability and abundance 
suggests that kinesin-2 and kinesin-9 transcripts are unmasked, spliced, and 
polyadenylated prior to the time interval associated with ciliogenesis during 
gametophyte development (Wolniak et al., 2015). It is unclear why kinesin-9B 
transcripts decrease during 3-5h time interval. We have seen in our transcriptome 
analysis that the middle time point of development (3-5 hours post hydration) appears 
to be a transition time between the early stage of development, marked by cell 
division, and the later portion of development, which is dedicated to spermatid 
differentiation and ciliogenesis. GO terms that are enriched during this transition time 




transcripts are destroyed during this time period of development and then remade 
later during ciliogenesis. 
 
Table 4-1. Kinesin-2 and kinesin-9 sequences used for phylogenetic analysis.  
ID Subfamily Accession  Species  
Mv_Kinesin-2 2 KT986235 Marsilea vestita 
Am_Kinesin-2A 2A XP_396164 Apis mellifera 
Am_Kinesin-2B 2B XP_393174 Apis mellifera 
Am_Kinesin-2C 2C XP_395281 Apis mellifera 
Ce_KLP-11 2B NP_001023139 Caenorhabdatis elegans 
Ce_KLP-20 2A NP_497178 Caenorhabdatis elegans 
Ce_OSM-3 2C NP_001023308 Caenorhabdatis elegans 
Cr_FLA10 2 XP_001701510 Chlamydomonas reinhardtii 
Cr_FLA8 2 XP_001697037 Chlamydomonas reinhardtii 
Dm_KIF3C 2C NP_651939.4 Drosophila melanogaster 
Dr_KLP64D 2A NP_523934 Drosophila melanogaster 
Dr_KLP68D 2B NP_524029 Drosophila melanogaster 
Gg_KIF3B 2B NP_001012852 Gallus gallus 
Gl_Kinesin-2D 2 XP_001708236 Giardia lamblia 
Gl_Kinesin-2D 2 XP_001706504 Giardia lamblia 
Hs_KIF17 2C NP_001116291 Homo sapiens 
Hs_KIF3A 2A NP_008985 Homo sapiens 
Hs_KIF3B 2B NP_004789 Homo sapiens 
Hs_KIF3C 2B NP_002245 Homo sapiens 
Lm_Kinesin-2D 2D XP_001682337 Leishmania major 
Lm_Kinesin-2D 2D XP_001685383 Leishmania major 
Pt_Kinesin-2 2 XP_001455773 Phaeodactylum tricornutum 
Pt_Kinesin-2 2 XP_001426973 Phaeodactylum tricornutum 
Pt_Kinesin-2 2 XP_001427404 Phaeodactylum tricornutum 
Pt_Kinesin-2 2 XP_00142818 Phaeodactylum tricornutum 
Pt_Kinesin-2 2 XP_001428184 Phaeodactylum tricornutum 
Pt_Kinesin-2 2 XP_001429325 Phaeodactylum tricornutum 
Pt_Kinesin-2 2 XP_001429366 Phaeodactylum tricornutum 
Pp_Kinesin2 2 Phypa_425592 Physcomitrella patens 




Sp_KRP95 2B NP_999817 Strongylocentrotus purpuratus 
Tb_Kinesin-2D 2 Tb11.01.5490 Trypanosoma brucei 
Tb_Kinesin-2D 2  Tb927.5.2090 Trypanosoma brucei 
Tt_Kinesin-2 2 XP_001014287 Tetrahymena thermophila 
Tv_Kinesin-2 2 XP_001276971  Trichomonas vaginalis 
Tv_Kinesin-2 2 XP_001300992 Trichomonas vaginalis 
Tv_Kinesin-2 2 XP_001315568 Trichomonas vaginalis 
Tv_Kinesin-2 2 XP_001319907 Trichomonas vaginalis 
Tv_Kinesin-2 2 XP_001579747 Trichomonas vaginalis 
Mv_Kinesin-9A 9A KT986258 Marsilea vestita 
Mv_Kinesin-9B 9B KT986259 Marsilea vestita 
Am_Kinesin-9B 9B XP_006561916 Apis mellifera 
Cr_KLP1 9A XP_001701617 Chlamydomonas reinhardtii 
Cr_Kinesin-9B 9B Cre01.g036800.t1.1 Chlamydomonas reinhardtii 
Gl_Kinesin-9A 9A XP_001705615 Giardia lamblia 
Gl_Kinesin-9B 9B XP_001707755 Giardia lamblia 
Hs_KIF9 9A NP_071737 Homo sapiens 
Hs_KIF6 9B NP_001275949 Homo sapiens 
Lm_Kinesin-9B 9B XP_001687540 Leishmania major 
Pt_Kinesin-9A 9A XP_001455832 Phaeodactylum tricornutum 
Pt_Kinesin-9B 9B XP_001445877 Phaeodactylum tricornutum 
Pt_Kinesin-9B 9B XP_001430724 Phaeodactylum tricornutum 
Pp_Kinesin-9A 9A Phypa_425498  Physcomitrella patens 
Pp_Kinesin-9A 9A Phypa_458410 Physcomitrella patens 
Pp_Kinesin-9B 9B Phypa_428375 Physcomitrella patens 
Tb_Kinesin-9A 9A Tb927.7.6290  Trypanosoma brucei 
Tb_Kinesin-9B 9B Tb927.7.726 Trypanosoma brucei 
Tt_Kinesin-9B 9B XP_001025897 Tetrahymena thermophila 
Tt_Kinesin-9B 9B XP_00102480 Tetrahymena thermophila 













































































kinesin-2 in Marsilea.  
A maximum likelihood 
(ML) phylogenetic tree 
constructed using 
kinesin-2 motor 
domains. Kinesin-1 was 
used as an out-group for 
analysis. Kinesin-2 
motors can be separated 
into three subfamilies, 
kinesin-2A (red), -2B 
(orange), and -2C 
(green). There are also 
many kinesin-2 
sequences that do not 
correspond to any well-
supported subfamily 
(black). The kinesin-2 
motor in Marsilea is 
most similar to the 
kinesin-2 in 
Physcomitrella and does 






Characterization of the 
kinesin-9 family in 
Marsilea.  
A ML phylogenetic tree 
constructed using 
kinesin-9 motor domain 
sequences. Kinesin-1 
was used as an out-
group for analysis. 
Kinesin-9 can be 
separated into two well-
supported subfamilies, 
kinesin-9A (red) and 
kinesin-9B (blue). 
Marsilea has one 






Figure 4-4. Domain 
architecture of Marsilea 
kinesin-2, kinesin-9A, and 
kinesin-9B. Multiple 
sequence alignments of (A) 
kinesin-2, (B) kinesin-9A, 
and (C) kinesin-9B motor 
domains (bold) highlighting 
important regions for motor 
domain function. P-loop 
(yellow), switch I (blue), 
and switch II (green) are 
represented in each motor. 
Alignments generated using 
T-coffee (Notredame et al., 







Figure 4-5. Kinesin-2 and kinesin-9 
transcripts increase in abundance during 
gametophyte development in Marsilea. An 
increase in MvKinesin-2, -9A, and -9B 
mRNA abundance was detected using RT-
PCR against poly(A+)-RNA isolated at 1-
2, 3-5, and 6-8 hours of gametophyte 
development. The abundance of centrin 
mRNA does not change during 





Kinesin-2 and kinesin-9 are involved in spermatogenesis 
To determine the function of these kinesins during spermatogenesis, I 
performed RNAi knockdown experiments, treating gametophytes at the time of spore 
hydration with dsRNA. I transcribed and constructed dsRNA from unique regions of 
each kinesin (Figure 4-6A, B). It was important to use unique regions to make dsRNA 
in order to prevent broad silencing of off-target sequences and to ensure that only one 
kinesin was being silenced at a time. The effectiveness of RNAi was measured using 
RT-PCR on each transcript after knockdown. In each case, the presence of the 
transcript could not be detected after knockdown at 8 hours of development (Figure 
4-6C, D, E). Microspores were grown for 8 hours, fixed, embedded in methacrylate, 
and sectioned. The sections were stained with TBO and examined with bright field 
microscopy to observe broad morphological changes in development. 
 At 8 hours of development, all cell divisions are complete and spermatids can 
be clearly distinguished from jacket cells by their size, location within the 
microspore, shape, and staining pattern. Jacket cells are located towards the periphery 
of the microspore near the microspore wall and contain starch filled plastids. Jacket 
cells do not contain as much mRNA or protein as the spermatogenous cells, and they 
exhibit weak staining with TBO. During this stage of development, each spermatid 
begins to differentiate into a motile spermatid by forming an elongated, coiled 
nucleus with its associated (forming) microtubule ribbon, creating a slightly 
boomerang shaped cell when observed in these sections (Figure 4-6F; Myles and 




Spermatogenous cells can be distinguished from jacket cells in MvKinesin-2 
knockdowns; however, in the majority of gametophytes (79/107; 73.8%) 
spermatogenous cells are larger than in untreated gametophytes and they do not have 
a consistent size and shape compared to controls. This suggests that one or more cell 
division cycles have been skipped or failed to reach completion (Figure 4-6G; Klink 
and Wolniak, 2001). In a minority (28/107; 26.2%) of these knockdowns, 
spermatogenous cells are the correct size and shape and appear morphologically 
normal (Figure 4-6H).  
In MvKinesin-9A knockdowns, spermatogenous cells are the same size and 
shape as controls suggesting normal progression through all of the cell division cycles 
(Figure 4-6I). However, a distinct phenocopy was observed with knockdowns of 
kinesin-9B. In these gametophytes, spermatogenous cells appear larger than controls 
and the cells are rounded suggesting that nuclear elongation has failed. Thus, while 
cell divisions have proceeded normally, differentiation is aberrant (Figure 4-6J).   
 
Spermatid differentiation is incomplete without MvKinesin-2, MvKinesin-9, and 
MvKinesin-9B 
In order to assess altered patterns of spermatid maturation and differentiation, 
I fixed and sectioned gametophytes after 8 hours of development. These 
gametophytes had undergone silencing of MvKinesin-2, MvKinesin-9A, or 
MvKinesin-9B, through the addition of dsRNAs at the time of spore rehydration. 
After fixation, embedding and sectioning, the gametophytes were stained with DAPI, 




presence and distribution of basal bodies in the spermatids (Deeb et al., 2010). During 
normal spermatid differentiation, the basal bodies become situated at regular intervals 
along the microtubule ribbon and the nuclear coil. These prepositioned basal bodies 
later serve as templates for the growth of ciliary axonemes (Figure 4-7A). By 
observing the distribution centrin protein in kinesin knockdowns, I was able to make 
conclusions about the formation and localization of basal bodies in these cells.  
In each knockdown, the appearance and placement of basal bodies is altered. 
At 8 hours of development, anti-centrin staining in the majority (85/114; 74.6%) of 
MvKinesin-2 knockdowns is diffuse and there are few, if any, aggregates of centrin 
that resemble typical basal body staining in spermatogenous cells. Some larger 
centrin aggregates that possibly resemble the blepharoplast can be found in 
spermatogenous cells (Figure 4-7B). DAPI staining in these cells is also distinctly 
different from controls and it is apparent that the nuclear coil is not properly formed 
at this stage (Figure 4-7B). Just as a small percentage of microspores treated with 
dsRNA derived from MvKinesin-2 appeared to proceed through development 
normally when observed with TBO, some gametophytes (29/114; 25.4%) exhibit 
normal centrin and DAPI staining (Figure 4-7C). These gametophytes were either 
unaffected by RNAi or it is possible that there are two separate phenocopies that 
result from the knockdown of MvKinesin-2 during spermatogenesis in Marsilea.  
In MvKinesin-9A knockdowns, I observed aggregates of centrin staining that 
resemble basal bodies. The presumptive basal bodies become localized in areas of the 
spermatids where they normally are not observed. DAPI staining in these cells shows 




spermatid differentiation apparently occurs, but there are anomalies in the localization 
of basal bodies in these cells. MvKinesin-9B knockdowns show large aggregates of 
centrin protein (Figure 4-7E) that resemble blepharoplast particles. The blepharoplast 
is a cytoplasmic particle that forms during the last spermatogenous cell division 
(Sharp, 1914; Hepler, 1976). During the last mitotic division, the blepharoplast 
functions like a centrosome at the spindle pole, though it lacks any organized 
centrioles. As the spermatids are formed, the blepharoplast disappears and then 
reassembles to serve as a site for de novo basal body assembly (Hepler, 1976). In this 
knockdown, no further maturation of the blepharoplast (for basal body formation) 
was observed. Spermatogenous cells in MvKinesin-9B knockdowns exhibit nuclei 
that are round in shape (Figure 4-7E), while normal spermatids undergo nuclear 
elongation and coiling (Myles and Hepler, 1977). This pattern of centrin 
immunolabeling and DAPI nuclear staining is characteristic of arrest at a stage of 
development preceding basal body formation in spermatids, and suggests that either 
spermatid maturation has stopped early in gamete differentiation or that the 





Figure 4-6. Kinesin-2 and kinesin-9 are involved in spermatogenesis.  
(A) Unique 350-400nt regions used for constructing dsRNA. (B) dsRNA constructed from 
MvKinesin-2, -9A, and -9B, respectively, using poly(A+)-RNA isolated at 8h as a template. 
RT- PCR for (C) MvKinesin-2, (D) MvKinesin-9A, and (E) MvKinesin-9B before (-) and 
after (+) the addition of dsRNA for knockdown. The presence of each transcript cannot be 
detected after its knockdown. Centrin mRNA (bottom panel) does not change after the 
addition of various kinesin dsRNAs. (F) Untreated, control microspores developed for 8h, 
embedded in methacrylate, sectioned, and stained with TBO. Spermatogenous (SP) and 
jacket (J) cells can easily be distinguished from each other. Sectioned microspores treated 





Figure 4-7. Spermatid differentiation is incomplete after silencing.  
(A) Untreated sectioned microspores developed for 8h and labeled with anti-centrin Ab 
(red) and DAPI (blue). Sectioned 8h microspores treated with (B-E) MvKinesin-2, 
MvKinesin-9A, and MvKinesin-9B dsRNA. (B) Centrin staining is diffuse and there are 
very few centrin aggregates that resemble basal bodies. The nuclear coil is not properly 
formed. (C) A small percentage of MvKinesin-2 knockdowns have a normal pattern of 
anti-centrin and nuclear staining. (D) Centrin staining is found throughout each 
spermatid and aggregates that resemble basal bodies are not localized at regular 
intervals adjacent to the nuclear coil. Most cells have a nuclear coil that appears similar 
to controls. (E) The blepharoplast (B), a centrosome like particle, is visible. Nuclei in 




Silencing of MvKinesin-2, MvKinesin-9A, and MvKinesin-9B cause defects in 
ciliogenesis and motility  
To determine whether the abnormalities observed with these kinesin 
knockdowns during spermatogenesis had any impact on ciliogenesis or on motility in 
released gametes, I observed the kinesin knockdowns after 11 hours of development. 
At 11 hours, the normal process of spermatogenesis reaches completion, and 32 
motile spermatozoids, each with ~140 cilia, break free from their enclosing 
microspore walls. First, the opaque outer exine wall of the microspore begins to 
breakdown revealing a much thinner and translucent intine wall (Figure 4-8A1). 
Then, two clusters of 16 spermatozoids emerge from the microspore (Figure 4-8A2). 
The gametes are each contained within a thin wall-like structure built from an 
extension of the cytoplasm that originally surrounded each spermatid. Each motile 
spermatozoid rapidly spins in place, presumably in order to break free from its 
surrounding wall (Appendix I-5). The shape of each spermatozoid resembles a 
corkscrew with cilia extending vertically from the edges of the microtubule and 
nuclear coil (Figure 4-8A3). Once released, the spermatozoids swim in a shallow 
helical path, rotating as they swim. Borrowing terms from aerodynamics, I called this 
rotational behavior ‘rolling’ (Figure 4-8B, Appendix I-6). This pattern is repeated 
until the spermatozoid dies or reaches the egg cell in the female gametophyte 
(produced by the megaspore) for fertilization.  
 The majority (20/27; 74.1%) of microspores analyzed that were treated with 
MvKinesin-2 dsRNA emerged much differently than controls. Although the exine 




individuals, rather than as groups of 16 cells (Figure 4-8C2, Appendix I-7). The 
spermatozoids that emerged this way were much larger than controls and often 
contained two or more coiled microtubule ribbons with attached cilia. It is reasonable 
to suspect that these spermatozoids contain more than one nucleus, as the coil 
typically comprises the microtubule ribbon, the elongated nucleus, and associated 
mitochondria. Also, these cells lacked the characteristic extension of cytoplasm that 
unusually surrounds each spermatid (Figure 4-8C3). Due to their large size and 
multiple coils (Figure 4-8C3), these cells were unable to swim and could only quiver 
in place or yaw along their y-axes (Figure 4-8B, Appendix I-8). I call this phenocopy 
‘Monster’ because each cell has multiple coils and cilia. It is likely that these cells 
failed to complete cytokinesis during the last spermatogenous cell division, but 
nevertheless, they were able to form separate coils for each of their elongated nuclei, 
complete with microtubule ribbons and cilia. 
In a minority (7/27; 25.9%) of MvKinesin-2 knockdowns, the spermatids 
emerged from the microspore as normal; however, these spermatozoids exhibited 
abnormally long ciliary axonemes (Figure 4-8D3). The spermatozoids with long cilia 
were unable to swim in a shallow helical path. These cells could only roll and 
essentially, swim in place (Figure 4-8B, Appendix I-9). I refer to this phenocopy as 
‘Rapunzel’ for its long cilia. Monster and Rapunzel represent two distinct 
phenocopies caused by MvKinesin-2 knockdowns. It is possible that MvKinesin-2 
participates in two distinct processes during spermatogenesis; the first occurs during 
cytokinesis leading to spermatid formation, and the second occurs during ciliary 




Monster and Rapunzel phenocopies are two manifestations of the same biological 
event, where the Monster phenocopy develops earlier during spermatogenesis and 
Rapunzel later during ciliogenesis. Because Monster spermatids were released from 
the microspores as a group of cells and Rapunzel spermatids as individuals, I suspect 
that each of these distinct phenocopies occurs in different microspores and that all the 
spermatozoids emerging from one microspore display the same phenotype. 
 The thinning of the exine wall and the emergence of the spermatids from the 
microspore is normal in kinesin-9A knockdowns (Figure 4-8E1, E2). Once the 
spermatozoids emerge (Figure 4-8E3), however, their swimming behavior is affected 
by the knockdown (Appendix I-10). These cells roll, yaw, and pitch in place (Figure 
4-8B), effectively spinning without vectorial movement. Directional swimming for 
these cells occurs infrequently; they travel only short linear distances before 
switching back to the spinning behavior (Appendix I-10). Based on the movies, it is 
difficult to determine why the kinesin-9A knockdowns are unable to swim properly.  
 I have named our kinesin-9B knockdowns ‘Late Bloomer’ because the cells 
emerge slowly after the seemingly normal thinning of the exine (Figure 4-8F1, F2). 
The cells finally emerge ~16 hours after microspore hydration, in contrast to 11 hours 
for controls, and for the knockdowns of MvKinesin-2, and MvKinesin-9A. The Late 
Bloomer spermatozoids that emerge are morphologically normal and have the same 
shape as control gametes (Figure 4-8F3).  These cells also exhibit a helical swimming 





Figure 4-8. MvKinesin-2, MvKinesin-9A, and MvKinesin-9B have distinct roles in 
ciliogenesis and motility. (A) Untreated microspores during the final stages of 
spermatogenesis, visualized at 11h. 1-Shedding of exine and thinning of intine around the 
microspore. 2-Release of 32 spermatogenous cells from each microspore in groups of 16 
cells. 3-Motile spermatozoids emerge. (B) Cartoon representing spermatozoid swimming 
patterns. (C) MvKinesin-2 knockdowns visualized at 11h. Thinning of the exine wall is 
normal, but cells emerge from the microspore as individuals. Spermatozoids have multiple 
sets of coils with attached cilia and are called Monster. (D) In a minority of MvKinesin-2 
knockdowns spermatozoids appear to have longer cilia compared to controls and are called 
Rapunzel. MvKinesin-2 knockdowns quiver or roll (Monster) and swim in place (Rapunzel). 
(E) MvKinesin-9A knockdowns visualized at 11h. Spermatozoids emerge and appear 
normal. MvKinesin-9A knockdowns pitch and yaw in place. (F) The microspore cell wall 
thins and spermatozoids emerge normally at 16h of development in MvKinesin-9B 
knockdowns. Development and emergence is slowed relative to controls, and this 
phenocopy is termed Late Bloomer. Controls/MvKinesin-9B knockdowns roll in place and 




MvKinesin-9A knockdowns have irregularly positioned cilia 
To determine why kinesin-9A knockdowns were unable to swim normally 
when compared to controls, I used a variety of methods to observe the arrangement of 
cilia on the fully developed spermatozoids. Firstly, I fixed fully emerged 
spermatozoids quickly in 2% PFA on the surface of a microscope slide. I then 
observed these fixed cells with DIC microscopy. In controls, the corkscrew shape of 
the spermatozoid cell body, the nuclear coil, and the ciliary axonemes can clearly be 
seen (Figure 4-9A). Normal spermatozoids have the cilia placed in two regular rows 
along the dorsal flank of the anterior, coiled cell body (Myles and Hepler, 1977; 
1982). Kinesin-9A knockdowns show cilia that are irregularly positioned on the 
spermatozoid cell body and are not restricted to the anterior portion of the cell (Figure 
4-9B). I named this phenocopy ‘Porcupine’ for the cilia that emerge from all points 
of the cell. None of the other kinesin silencing treatments exhibited irregularly placed 
cilia similar to Porcupine in spite of the fact that MvKinesin-2 knockdowns 
(Monster) generally have cell bodies that are misshapen and larger than normal 
(Figure 4-9C) and Kinesin-9B knockdowns (Late Bloomer) appear to be structurally 






Cilia are irregularly positioned in MvKinesin-9A knockdowns due to improper 
positioning of basal bodies  
I hypothesized that the improper positioning or orientation of basal bodies 
along the microtubule ribbon caused the abnormal distribution of cilia in the 
Porcupine phenocopy. In order to test this hypothesis I sectioned fixed microspores at 
Figure 4-9. MvKinesin-9A knockdowns have irregularly positioned cilia. (A-D) 
After spermatozoids emerged from the microspore, they were fixed in 2% PFA on 
a coverslip and visualized with DIC microscopy. (A) Untreated cells have a 
characteristic corkscrew shape and cilia can been seen emerging from the 
microtubule ribbon and organelle coil. Developing microspores treated with (B) 
MvKinesin-9A, (C) MvKinesin-2, and (D) MvKinesin-9B dsRNA. (B) Cilia that 
appear to emerge from all parts of the spermatozoid cell body, not just the coil. (C) 
Spermatozoids are larger than controls and do not have the characteristic 




10.5 hours after spore hydration and stained the sections with TBO, DAPI, and anti-
centrin antibodies. Sections were visualized with phase contrast and fluorescent 
microscopy. At 10.5 hours of development, the normal spermatozoids are fully 
developed, but have yet to emerge entirely from the microspore wall. Using TBO 
staining at this time point, the organelle coil can easily be observed in each nearly 
mature spermatozoid. Cilia emerging along this coil are also visible. The cilia are 
wrapped around the cell body coil and are seen in transverse-section in some of the 
gametes as a white area adjacent to the organelle coil. I refer to this area as the ciliary 
band (Figure 4-10A). Anti-centrin staining in control sections form aggregates that 
resemble basal bodies. In control spermatids, the basal bodies are restricted to areas 
on the dorsal side of the coiled nucleus (Figure 4-10B). Overlaying the fluorescence 
images with phase contrast images of the same section, it appears that the centrin 
aggregates associate uniformly along the edges of the organelle coil and are often 
within areas of the ciliary band (Figure 4-10C).   
 In comparison with untreated gametophytes, in MvKinesin-9A knockdowns 
stained with TBO, it is difficult to visualize the ciliary band. In cells that possess a 
visible ciliary band, the band is irregularly shaped compared to controls (Figure 4-
10D). This suggests anomalies in the orientation and localization of the basal bodies 
in the spermatid. Centrin staining confirms this, showing aggregates that resemble 
basal bodies present throughout the cytoplasm of the nearly mature spermatozoids. 
Aggregates of centrin are present at the dorsal face of the spermatozoid along the 
edges of the organelle coil as in controls, but they are also abundant along the 




to position the axonemes correctly during differentiation is most likely the reason for 
the Porcupine phenocopy and the observed odd swimming patterns. 
In contrast to this phenocopy, MvKinesin-2 knockdowns visualized with TBO 
have large, irregularly shaped cells. I suspect this is the consequence of arrested, 
aberrant or blocked cell division cycles. Coils are visible only in some of the 
maturing spermatids (Figure 4-10G). DAPI staining is reminiscent of the nuclear coil, 
however the coils are at odd angles to each other. This makes it difficult to determine 
if the large, irregular shaped cells contain more than one nuclear coil (Figure 4-10H, 
I). Anti-centrin antibody staining in these knockdowns mostly appears as a diffuse 
cloud of fluorescence in spermatogenous cells. Aggregates that resemble basal bodies 
are present in some cells but they do not appear localized in a regular pattern that 
resembles basal body distributions in normal cells (Figure 4-10H, I). This pattern is 
reminiscent of the Monster phenocopy where the released gametes are larger than 
normal and possess multiple coils. 
In kinesin-9B knockdowns, the spermatogenous cells resemble control cells 
though the coil and cilia are not as apparent (Figure 4-10J). Anti-centrin antibody 
staining forms aggregates that resemble basal bodies that are positioned at regular 
intervals along the anterior portion of the nuclear coil (Figure 4-10K). These cells do 
not look like they have developed to the same stage as the controls, though they have 
they clearly proceeded into the later stages of differentiation. This provides further 





Figure 4-10. MvKinesin-9A is required to position of basal bodies during gametogenesis. (A-
C) Controls visualized at 10.5h stained with (A) TBO, (B-C), centrin Ab (red), and DAPI 
(blue). (C) Fluorescence images overlaid on phase contrast images. The organelle coil and 
ciliary band (CB) is detectable in spermatogenous cells. Basal bodies (BB) are most prominent 
anterior to the coil in the area containing the CB. Microspores treated with (D-F) MvKinesin-
9A, (G-I) -2, or (J-L) -9B dsRNA, visualized at 10.5h, and stained with (D, G, J) TBO or (E, 
F, H, I, K, L) centrin Ab and DAPI. (F, I, L) Fluorescence images overlaid on phase contrast 
images. (D-F) The CB is irregular and not clearly defined. Basal bodies are randomly 
localized. (G-I) Spermatogenous cells are large. Centrin staining is diffuse. (J-L) Nuclear coil 





Discussion and Conclusions 
MvKinesin-2 has atypical functions in cytokinesis and ciliogenesis during male 
gametophyte development in Marsilea 
Phylogenetic analysis of MvKinesin-2 shows that this kinesin is atypical 
compared to other members of the kinesin-2 family. Firstly, MvKinesin-2 does not 
cluster with the typical kinesin-2α, β, or γ subgroups. This was not entirely 
unexpected as both FLA10 and FLA8 in Chlamydomonas (Scholey, 2013) and the 
kinesin-2 in Physcomitrella also group independently. Similarly many non-animal 
kinesin-2s also cannot be placed in the usual kinesin-2α, β, or γ subgroups (Figure 4-
2). Secondly, I was only able to find one transcript that encodes a kinesin-2 in 
Marsilea. This was surprising because kinesin-2 is best known in to function in IFT 
as a heterotrimeric complex. A single kinesin-2 motor is also present in 
Physcomitrella (Wickstead et al., 2010b; Shen et al., 2012) and certain protists 
(Marande and Kohl, 2011). Although the reason for this is unclear, organisms that are 
only ciliated for a short time during the life cycle show a general reduction in cilia-
associated proteins (Marande and Kohl, 2011). The single kinesin-2 motor found in 
Marsilea may function as a homodimer, similarly to C. elegans OSM-3 though 
evidence to support the existence of homodimeric kinesin-2 outside of sensory cilia is 
limited (Awan et al., 2004). I was unable to discern whether MvKinesin-2 
gametophytes functions as a homodimer, with yet unidentified partners, or if it acts 
alone. It is possible that MvKinesin-2 and single kinesin-2 proteins found in other 
organisms function separately from the more well studied kinesin-2 motors. Because 




Wolniak, 1998, 1999), it is also possible that some of the IFT components are 
translated during spore desiccation and stored as proteins during quiescence. The 
transcripts that encode these stored proteins would not necessarily be represented in 
the transcriptome obtained from gametophytes after spore rehydration. 
Functional silencing of MvKinesin-2 through RNAi showed that MvKinesin-2 
is required for cytokinesis during the mitotic cell divisions that ultimately produce 32 
spermatids in the gametophyte (Monster phenocopy) and for regulating the length of 
cilia (Rapunzel phenocopy). However, I cannot eliminate the possibility that the 
Monster and Rapunzel phenocopies represent two different manifestations of the 
same biological event where the role for MvKinesin-2 in cytokinesis precedes its 
involvement in ciliogenesis. Monster spermatids are still able to produce cilia, but 
these abnormally large gametes containing multiple coils with attached cilia were 
only able to quiver in place (Appendix I-8). In addition, these cells lacked the 
extension of cytoplasm that typically surrounds the anterior portion of each spermatid 
(Figure 4-8C2). In Tetrahymena kinesin-2 similarly participates in cytokinesis and in 
ciliogenesis (Brown et al., 1999) and this motor has been implicated in mammalian 
cytokinesis through the transport of important regulators of cell division to the 
midbody (Fan and Beck, 2004; Haraguchi et al., 2006; Keil et al., 2009). Although, 
kinesin-2 localizes to the mitotic spindle in Chlamydomonas and sea urchin embryos, 
mutants are able to progress through mitosis normally. Thus, a clear role for this 
motor in mitosis has yet to be established (Henson et al., 1995; Vashishtha et al., 




IFT proteins are very similar to proteins involved in vesicle trafficking and it 
is currently thought that the proteins involved in IFT and vesicle trafficking are 
evolutionally connected (Jékely and Arendt, 2006; van Dam et al, 2013). In support 
of this idea, kinesin-2 has been implicated in the intracellular transport of Golgi-
derived vesicles and in membrane dynamics (Le Bot et al., 1998; Fan and Beck, 
2004; Stauber et al., 2006; Nekrasova et al., 2011). I suspect that the cytokinesis and 
membrane extension defects observed in the Monster phenocopy point to a function 
for kinesin-2 during spermatogenesis in intracellular transport. During plant cell 
cytokinesis, the coordinated efforts of a variety of motor proteins are necessary to 
deliver Golgi-derived vesicles along phragmoplast microtubules to build the cell plate 
(Lipka and Müller, 2012). Kinesin-2 has never been implicated in this process and a 
recent study in Physcomitrella showed that kinesin-2 was not expressed in 
caulonemal cells undergoing mitosis (Miki et al., 2014). Since both Marsilea and 
Physcomitrella only produce ciliated cells in their gametophytes during 
spermatogenesis, it is likely that the expression of kinesin-2 is restricted in land plants 
to male gametes (or the spermatids that mature into these motile cells). It is possible 
that this motor has evolved a role in cytokinesis and membrane dynamics specifically 
for spermatogenesis. Further comparisons between both Physcomitrella and Marsilea 
sporophyte and gametophyte kinesin-2 expression patterns are required to answer this 
question. 
In a minority of cells, MvKinesin-2 knockdowns produced abnormally long 
ciliary axonemes (Rapunzel phenocopy) while maintaining normal cell size and 




spermatozoids were only able to swim and roll in place. In other organisms, kinesin-2 
is responsible for anterograde transport during ciliogenesis. Mutations in this kinesin 
typically result in no change in ciliary length or the absence of full-length cilia due to 
suppressed IFT activity (Huang et al., 1977; Kozminski et al., 1995; Snow et al., 
2004; Evans et al., 2006; Mukhopadhyay et al., 2007). Therefore, the production of 
long cilia was unexpected. One possible explanation is that other proteins are 
responsible for modulating IFT dynamics and ciliary length during male gametophyte 
development in Marsilea. Evidence in support of this hypothesis can be found from 
the cephalic male cilia (CEM) of C. elegans and from Chlamydomonas. After CEM 
loss of KLP-11 (a member of the heterotrimeric kinesin-2 complex) cells produce 
long cilia as a consequence of complex interactions of KLP-11, OSM-3, and the 
kinesin-3 motor, KLP-6, during IFT (Morsci and Barr, 2011). In Chlamydomonas, the 
plant specific kinesin-14, KCBP, localizes at basal bodies and in the ciliary 
membrane (Dymek et al., 2006). The exact function of this kinesin in cilia is 
unknown, but ability for this motor to direct retrograde transport (Jonsson et al., 
2015) makes it an interesting option as an additional IFT motor. Similarly, KCBP and 
other plant-specific kinesins are abundant during ciliogenesis in Marsilea (Tomei and 
Wolniak, 2016). It is possible one or more of these motors have the ability to 
modulate kinesin-2 during ciliogenesis in Marsilea. Another explanation is that the 
two phenocopies observed after knockdown of MvKinesin-2 are the consequences of 





Kinesin-13 and kinesin-8 are microtubule depolymerizers and modulate 
microtubule length during mitosis and ciliogenesis (Desai et al., 1999; Blaineau et al., 
2007; Moores and Milligan, 2007; Mayr et al., 2007; Piao et al., 2009; Varga et al., 
2009; Delgehyr et al., 2012; Niwa et al., 2012; Wang et al., 2013). Mutations in 
kinesin-13 produce cilia that are the incorrect length. Whether these cilia are long or 
short depends on the type of mutation and the organism used for analysis (Blaineau et 
al., 2007; Dawson et al., 2007; Piao et al., 2009; Chan and Ersfeld, 2010; Kobayashi 
et al., 2011; Delgehyr et al., 2012; Wang et al., 2013). More recently, kinesin-13 was 
identified as an axoneme-assembly promoting factor (Vasudevan et al., 2014). 
Exactly how kinesin-13 regulates the ciliary length is still unresolved. The 
mechanism by which kinesin-8 modulates the length of cilia is more clear. This 
kinesin depolymerizes microtubules at the tips of cilia and kinesin-8 mutants have 
elongated axonemes (Niwa et al., 2012). Kinesin-2 has never been shown to exhibit 
microtubule-depolymerizing activity, although the atypical structure of kinesin-2 in 
Marsilea does make this an intriguing option for further study. 
MvKinesin-9A is required to orient basal bodies along the microtubule ribbon for 
spermatid differentiation during spermatogenesis  
My analysis of the kinesin-9 family in Marsilea replicates previous findings 
(Wickstead and Gull, 2006; Demonchy et al., 2009) that show two kinesin-9 
subgroups, kinesin-9A and kinesin-9B. In the Marsilea gametophyte transcriptome, a 
transcript that encodes one member of each kinesin-9 subgroup is present. Through 
kinesin-9 silencing experiments, I found that kinesin-9A is necessary for the 




basal bodies are assembled de novo and become the sites of ciliogenesis during 
spermatid maturation. With the basal bodies not properly oriented along the 
microtubule ribbon, cilia are misplaced in the cell body, and the spermatozoids are 
unable to maintain normal directional swimming patterns and instead only spin and 
flip in place.  
In both Chlamydomonas and T. brucei, kinesin-9A is also important for 
motility and this is achieved through the interaction of kinesin-9A with central pair 
microtubules (Bernstein et al., 1994; Yokoyama et al., 2004; Demonchy et al., 2009), 
and not through regulating the positioning and orientation of basal bodies. Hydin, a 
central pair protein required for motility, stabilizes the interaction of kinesin-9A with 
the central pair microtubules (Lechtreck et al., 2007; 2008). The central pair 
microtubules and proteins interact with the radial spokes to control the activity of 
dynein arms and regulate cilia beating and motility (Smith, 2002). The typical 
phenotype observed in kinesin-9A mutants of a reduction in ciliary beating 
(Yokoyama et al., 2004; Demonchy et al., 2009) was not observed in Marsilea 
kinesin-9A knockdowns. Instead cilia were unable to maintain normal swimming 
patterns and they beat in a disorganized, uncoordinated pattern.  
This result does not mean that kinesin-9A lacks a conserved role in the control 
over ciliary assembly and beat. Axonemes of the Marsilea male gametophyte have 
the typical 9+2 microtubule organization, but it has long been known that outer 
dynein arms are extremely rare, or even absent, although the binding sites on the 
microtubules do exist (Wolniak and Cande, 1980; Hyams and Campbell, 1985; 




that resemble outer arm dynein (Tomei and Wolniak, 2016). In the relative absence of 
outer dynein arms, relatively slow beat frequencies are typically observed (Wolniak 
and Cande, 1980). Since there are significant structural and functional differences in 
the Marsilea gametophyte axoneme it is possible that the defects in basal body and 
cilia orientation observed in kinesin-9A knockdowns are a consequence of problems 
with central pair microtubules or radial spoke proteins. Further studies investigating 
the localization of kinesin-9A and detailed images of the axoneme after kinesin-9A 
knockdown in the Marsilea are needed.  
Knockdowns of kinesin-9B produced a general slowing of differentiation as 
fully mature and functional spermatozoids were released five hours later than 
controls. Early stages of development were not altered after kinesin-9B knockdown. 
This result implies that kinesin-9B is needed for the differentiation of spermatids into 
motile cells. The specific process during differentiation is unknown, but is likely that 
there is sufficient redundancy among kinesin isoforms exists to allow development, 
albeit slow, to continue without this motor. Functional studies on kinesin-9B are few, 
but several have now appeared in the literature. In T. brucei, kinesin-9B is responsible 
for building the paraflagellar rod (PFR) (Demonchy et al., 2009). The PFR is unique 
to kinetoplastic protozoan like T. brucei so, in a fashion similar to the spermatozoid 
of Marsilea, it is not surprising in other eukaryotes that kinesin-9B would perform 





Chapter 5: The Marsilea Male Gametophyte does not Require 
IFT Dynein, the BBsome, or Outer Arm Dynein for IFT-
Dependent Ciliogenesis and Motility 
 
Introduction 
 Male gametophyte development in the water fern Marsilea vestita is a rapid 
process that produces 32 motile gametes, each with ~140 cilia from a single 
undifferentiated cell. The process is initiated by placing dry microspores into water, 
and requires only eleven hours to reach completion (see Chapter 1; Wolniak et al., 
2011, 2015). I am interested in the molecular processes that regulate rapid 
development, especially during the morphogenesis and differentiation of spermatids 
into motile spermatozoids. Eukaryotic ciliogenesis is a highly conserved process that 
is largely dependent upon intraflagellar transport (IFT) and the action of axonemal 
dynein for motility. IFT is the process by which proteins important for the assembly 
and function of cilia are transported to the distal ends of forming axonemes by 
members of the kinesin-2 family and transported proximally back to the cell body by 
IFT dynein (Kozminski et al., 1993; Rosenbaum and Witman, 2002). This process 
also involves IFT particles and BBsome proteins, which bind to IFT motors and form 
scaffolds that assist in the transport of cargo during IFT.  
The study of ciliogenesis in green plants has largely been restricted to the 
green alga Chlamydomonas (Silflow and Lefebvre, 2001) and the processes that 




of this dissertation I chose to address this problem by classifying the kinesin family of 
motor proteins that are present during gametophyte development in Marsilea vestita 
and I identified specific kinesins that are involved in differentiation and ciliogenesis. 
However, I did not examine any other of the numerous proteins that are known to 
play significant roles in building motile cilia. In this appendix chapter, I investigate 
the presence and abundance of transcripts that encode dynein and IFT proteins during 
male gametophyte development in Marsilea. This analysis contributes to the study of 
ciliogenesis in land plants and provides evidence for the existence of a basic protein 
complement required for IFT-dependent ciliogenesis and motility.  
Dyneins are large molecular motors that hydrolyze ATP and bind to 
microtubules in order to drive intracellular transport and axoneme motility. Like 
kinesin-14, cytoplasmic dynein is conducts minus-end directed microtubule transport. 
Although apparently required for intracellular transport in most eukaryotes (Paschal 
and Vallee, 1987; Schroer et al., 1989), green plants lack cytoplasmic dynein. The 
prevailing hypothesis is that plants use an expanded and diversified group of kinesin-
14s to compensate for the absence of cytoplasmic dynein (Lawrence et al., 2001), but 
more work is needed to determine exactly how plants drive intracellular transport 
without this important motor. Similar to cytoplasmic dynein, IFT dynein, also 
referred to as cytoplasmic dynein 2 or 1b, is responsible for retrograde transport 
during ciliogenesis (Pazour et al., 1999; Porter et al., 1999). Generally, the absence of 
IFT dynein is restricted to organisms that do not make cilia or use IFT, although there 
are some examples where the loss of IFT dynein precedes the disappearance of IFT-




as axonemal dynein, is responsible for generating the force required for axoneme 
motility. Axonemal dynein is present in organisms that make motile cilia, but in a 
similar fashion to cytoplasmic and IFT dynein, some notable exceptions exist 
(Wickstead and Gull, 2007). 
Dynein proteins consist of monomers, dimers, or trimers of heavy chain (HC) 
subunits that contain a motor domain that belongs to the AAA+ superfamily and an n-
terminal tail domain responsible for oligomerization and subunit binding (Neuwald et 
al., 1999). Dynein HC molecules can be separated into nine major classes including 
cytoplasmic dynein, IFT dynein, and seven dynein that are associated with the 
axonemes of motile cilia (Asai and Wilkes, 2004; Morris et al., 2006; Wickstead and 
Gull, 2007; Wilkes et al., 2008; Yagi, 2009). The seven dynein HC classes found 
within motile axonemes can further be classified into two main groups, those that are 
localized to the outer portion of the axoneme (outer arm dynein) and those that are 
located more internally, closer to the central-apparatus and radial spokes (inner arm 
dynein). There are two types of outer arm dynein HCs (OADα and OADβ) (Höök and 
Valle, 2006; Morris et al., 2006; Wickstead and Gull, 2007; Wilkes et al., 2008) that 
are found as either two-headed (Nicastro et al., 2006), or as in Chlamydomonas, as 
three-headed species (Johnson and Wall, 1983; Goodenough and Heuser, 1984; 
Nicastro et al., 2005). The remaining five dynein HCs are all classified as inner arm 
dyneins. Inner arm dynein HCs either exist as doubled-headed heterodimeric 
complexes of IAD-1α and IAD-1β or as single-headed, IAD3, IAD4, IAD5, species 




Each of these seven classes of dynein HCs complex with different 
intermediate chains (IC), light intermediate chains (LIC), and light chains (LC) that 
are important for regulation and for cargo binding. There are six classes of dynein IC 
proteins that preferentially form a complex with a specific dynein HC. DYNC1I is 
found with cytoplasmic dynein, D2IC (FAP133) is present with IFT dynein, IC70 and 
IC78 associate with outer arm dynein, and IC138 and IC140 complex with inner arm 
dynein (Mitchell and Kang, 1991; Paschal et al., 1992; Takada and Kamiya, 1994; 
Ogawa et al., 1995; Wilkerson et al., 1995; Perrone et al., 1998; Yang et al., 1998; 
Hendrickson et al., 2004; Rompolas et al., 2007). In a similar fashion, there are three 
main groups dynein LIC proteins. DYNC1LI specifically associates with cytoplasmic 
dynein, DYNC2L1 with IFT dynein, and FAP146 with inner arm dynein (Yamamoto 
et al., 2006; 2008; Wilkes et al., 2009). Dynein LC proteins are slightly more difficult 
to classify and unlike dynein IC and LIC, they are able to complex with multiple 
classes of dynein HCs and other non-dynein molecules (King et al., 2002; Wilkes et 
al., 2007). LC8, for example, not only complexes with multiple classes of dynein HCs 
(King et al., 1996; Pazour et al., 1998), but also myosin motors (Espindola et al., 
2000) and radial spoke proteins (Yang et al., 2001) and is thought to constitute a 
major dimerization hub for protein signaling networks (Barbar, 2008).  
In addition to dynein molecules, IFT particles are also highly conserved and 
are required for building motile cilia. IFT particles can be separated into two main 
subcomplexes, IFT-A and IFT-B (Piperno and Mead, 1997; Cole et al., 1998; Ou et 
al., 2005). IFT-A is composed of six subunits, IFT144, 140, 139, 122, 121, and 43 




Efimenko et al., 2006; Absalon et al., 2008; Tsao and Gorovsky, 2008). The IFT-B 
subcomplex is larger and consists of a core set of nine proteins, IFT88, 81, 74/72, 70, 
52, 46, 27, 25 and 22, with an additional four peripheral proteins, IFT172, 80, 57/55, 
and 20 (Cole et al., 1998; Lucker et al., 2005; Wang et al., 2009; Fan et al., 2010; 
Lucker et al., 2010; Bhogaraju et al., 2011; Taschner et al., 2011). Functional 
analyses of IFT proteins revealed that the IFT-A and IFT-B subcomplex not only 
represent distinct entities, but also function in different aspects of IFT and 
ciliogenesis. IFT-A mutants produce cilia with a phenotype similar to that observed 
after the disruption of IFT dynein and display an accumulation of proteins at the 
ciliary tip. Thus, the IFT-A subcomplex appears to be involved in retrograde IFT 
(Pazour et al., 1998; Piperno et al., 1998; Pazour et al., 1999; Porter et al., 1999; 
Schafer et al., 2003; Iomini et al., 2009). In contrast, mutations in IFT-B proteins 
result in the shortening or absence of cilia, similar to the results seen after disruption 
of kinesin-2 motors, leading to the hypothesis that IFT-B is required for ciliogenesis 
and anterograde IFT (Walther et al., 1994; Pazour et al., 2000; Brazelton et al., 2001; 
Hou et al., 2007). 
The BBsome is another large protein complex that is important for the 
construction of cilia and in IFT. The BBsome is mainly responsible for the trafficking 
of membrane proteins to the cilium and for the construction of a specialized ciliary 
membrane (Nachury et al., 2007; Jin et al., 2010). The BBsome is also implicated in 
IFT particle assembly and turnaround during IFT (Blacque et al., 2004; Ou et al., 
2005). Mutations in BBsome proteins are responsible for Bardet-Biedl syndrome, 




physiological symptoms from vision impairment to obesity and polydactylism 
(Beales, 2005). However, the BBsome is not required for ciliogenesis or for IFT in 
most eukaryotes (Kulaga et al., 2004; Mykytyn et al., 2004; Yen et al., 2006; Nachury 
et al., 2007; Loktev et al., 2008; Mukhopadhyay et al., 2008; Lechtreck et al., 2009).  
 
Results 
Dynein heavy chain (DHC) 
Using the conserved dynein heavy chain domain (PF03028), I searched our 
reference transcriptome and extracted seven sequences that encode a full-length 
dynein protein (Table 5-1). Since dynein proteins are very large, the motor domain 
itself is about 3000 amino acids, and the pfam model frequently used to identify 
dynein sequences only covers a 783 amino acid region in the c-terminus of the 
conserved motor domain, it is easy to under-represent the dynein family by using this 
type of search. To remedy this, I also searched the reference transcriptome against 
well-established dynein heavy chain sequences in Chlamydomonas. This resulted in 
the identification of several sequence fragments in the Marsilea transcriptome with 
low similarity to the IFT dynein (Table 5-2). I speculated that perhaps the IFT dynein 
fragments founds in Marsilea were part of a larger transcript and the result of an 
alignment problem in our transcriptome assembly. Blastn searches of the IFT dynein 
fragments against the transcriptome revealed that are unique sequences and do not 





Table 5-1. Transcripts that encode dynein HC proteins in the Marsilea male gametophyte. 
Accession Transcript ID Len PF03028 
Identity by Blastx, 
Restricted to plants 
Identity by Blastx, 
Restricted to Chlamydomonas 
Identity 
(Figure 5-1) 
KU666433 c1276_g1_i1 13192 0.00E+00 
Inner arm dynein 3 
[S. moellendorffii], 0.00E+00 
Dynein heavy chain 9, 0.00E+00 IAD-3 
KU666434 c27157_g1_i1 13166 0.00E+00 
Inner arm dynein 3 
[S. moellendorffii], 0.00E+00 
Dynein heavy chain 6, 0.00E+00 IAD-3 
KU666435 c27157_g2_i1 12441 0.00E+00 
Dynein heavy chain 6 
[S. moellendorffii], 0.00E+00 
Dynein heavy chain 2, 0.00E+00 IAD-4 
KU666436 c31020_g3_i1 8204 0.00E+00 
Inner arm dynein 3-2 
[S. moellendorffii], 0.00E+00 
Dynein heavy chain 8, 0.00E+00 IAD-3 
KU666437 c31426_g1_i1 12990 0.00E+00 
Inner arm dynein, group 5 
[S. moellendorffii], 0.00E+00 
Dynein heavy chain 7, 0.00E+00 IAD-5 
KU666438 c31683_g1_i2 16476 0.00E+00 
Inner dynein arm 1-α 
[P. patens], 0.00E+00 
Inner arm dynein 1 heavy chain β, 
0.00E+00 
IAD-1β 
KU666439 c38124_g1_i1 14174 0.00E+00 
Inner dynein arm 1-α  
[P. patens], 0.00E+00 







Table 5-2. The search for additional dynein sequences revealed sequence fragments with low similarity to IFT dynein.  
Transcript ID Length Subject E-value Query length Subject length 
c36224_g1_i1 218 dynein heavy chain DHC1b (AAC99457) 4.00E-24 2-217 708-779 
c43764_g1_i1 206 dynein heavy chain DHC1b (AAC99457) 1.00E-18 3-206 718-785 
c53625_g1_i1 221 dynein heavy chain DHC1b (AAC99457) 1.00E-04 3-221 4093-4161 
c75680_g1_i1 228 dynein heavy chain DHC1b (AAC99457) 7.00E-07 2-226 3090-3164 
c80687_g1_i1 259 dynein heavy chain DHC1b (AAC99457) 4.00E-17 3-242 433-512 
 
 
Table 5-3. IFT dynein fragments do not associate with any larger contigs in the transcriptome assembly.  
 
Query Subject % Identical  # Mismatch # Gaps Q. Start Q. End S. Start S. End E-value 
c36224_g1_i1 c36224_g1_i1 100 0 0 1 218 1 218 7E-117 
c43764_g1_i1 c43764_g1_i1 100 0 0 1 206 1 206 3E-110 
c53625_g1_i1 c53625_g1_i1 100 0 0 1 221 1 221 1E-118 
c75680_g1_i1 c75680_g1_i1 100 0 0 1 228 1 228 2E-122 







Next, I constructed a maximum-likelihood phylogenetic tree to classify the 
dynein transcripts present in the Marsilea male gametophyte. I included dynein 
sequences from the biflagellate green alga Chlamydomonas for comparison 
(Appendix I-13), as this is the closest organism to Marsilea that has a fully classified 
dynein family (Wickstead and Gull, 2007). Dyneins have been identified in 
Physcomitrella and Selaginella, but the entire protein family has yet to be examined. I 
found that the of all the full-length dynein transcripts identified through PF03028 
encode members of the inner arm dynein (IAD) family and that both double headed 
(IAD-1α and IAD-1β) and single headed (IAD-3, IAD-4, IAD-5) inner arm dynein 
species are present in the Marsilea male gametophyte. Conversely, transcripts that 
encode cytoplasmic dynein 1, cytoplasmic dynein 2 (IFT dynein), and outer arm 
dynein (OAD) are absent in the Marsilea gametophyte transcriptome (Figure 5-1). 
These results echo previous findings and provide further evidence suggesting that 
plants do not contain cytoplasmic dynein (Lawrence et al., 2001), and that land plants 
with ciliated gametophytes do not require outer dynein arms or IFT dynein for 











































Figure 5-1. Phylogenetic 
tree comparing dynein 
heavy chain protein 




constructed with dynein 
heavy chains identified in 
the Marsilea transcriptome 
and Chlamydomonas dynein 
HC protein sequences.  All 
dynein HC sequences 
identified in Marsilea 
encode dynein inner arm 
species. Percent values 
represent bootstrap 




Dynein intermediate (IC), light intermediate (LIC), and light chains (LC) 
 To expand upon the dynein heavy chain analysis, I also searched for dynein 
intermediate (IC), light intermediate (LIC), and light chain (LC) transcripts. There are 
several conserved domains in dynein IC, LIC, and LC proteins present; however, 
none of these domains is unique or universally expressed in this class of proteins. For 
example, IC proteins typically contain a WD40 domain. While this domain is 
conserved in dynein IC proteins, many other eukaryotic proteins with a wide variety 
of adaptor and regulatory functions also contain WD40 domains, making it 
inappropriate to use this domain as the basis of a search. For the identification of 
dynein LC proteins it may be possible to use conserved domains, such as LC type 1 
(PF01221), axonemal LC (PF10211), and Tctex (PF03645), but it is important to 
recognize that there are several key LCs in which these domains are absent. 
Therefore, instead of using conserved domains, blastx searches were employed to 
find transcripts that encode dynein IC, LIC, and LC in the Marsilea gametophyte 
using candidate sequences found in Chlamydomonas (Table 5-4). Using this approach 
it is possible to miss highly divergent members of the dynein complex, but this 
strategy provides a streamlined method for examining the dynein family in the 
Marsilea male gametophyte. 
Chlamydomonas contains two IC proteins that associate with inner arm 
dynein, IC140 (IDA7) and IC138 (BOP5), two that associate with outer arm dynein, 
ODA5 and ODA6, and one that associates specifically with IFT dynein, DYNC2L1 
(FAP133) (Takada et al., 1994; Ogawa et al., 1995; Wilkerson et al., 1995; Perrone et 




was able to identify transcripts that encode homologs of IC140 (IDA7) and IC138 
(BOP5) in Marsilea. No matches (e-value < 1e-10) were found for ODA5 or ODA6 
(Table 5-5). A similar situation was also observed for dynein LIC. Chlamydomonas 
makes two LICs, FAP146 and D1bLIC. FAP146 associates with inner arm dynein 
and D1bLIC with IFT dynein (Yamamoto et al., 2006; 2008; Wilkes et al., 2009). 
Sequence homologs for FAP146 were identified in the Marsilea transcriptome, while 
D1bLIC homologs were conspicuously absent (Table 5-5).   
 Like dynein IC and LIC, many dynein LCs also specifically complex with 
axoneme (inner or outer arm) or cytoplasmic dynein; however the situation is a little 
more nuanced as many LC proteins associate with multiple dynein HCs classes plus 
additional proteins. Through blastx searches of the transcriptome, I surveyed 
Marsilea for transcripts that encode homologs of thirteen dynein LC founds in 
Chlamydomonas (Table 5-4). Good matches for IDA4, LC8, Tctex1, Tctex 2, and 
Roadblock/LC7 were identified in the transcriptome (Table 5-5). All of these LCs 
associate with inner arm dynein species. Several low similarity matches dynein outer 
arm LCs (LC1 and LC5) were also discovered (Table 5-5). The significance of these 
low similarity hits is questionable as the regions that show similarity are often 
restricted to conserved domains that are present in a wide variety of eukaryotic 
proteins (leucine repeats and thioredoxin domains, respectively). Transcripts that 
encode outer arm dynein LC6 (OAD13), LC9, LC2 (OAD12), LC3, and LC10 are 










PFAM NCBI Accession Notes 
ICs 
IC140 (IDA7) 2.00E-112 
pfam00400 
(WD domain) 
AAD45352 Associates with inner arm dynein 
IC138 (BOP5) 3.00E-93 
pfam00400 
(WD domain) 
XP_001696921 Associates with inner arm dynein 
IC78 (IC1/ODA9) No Hits 
pfam00400 
(WD domain) 
Q39578 Associates with outer arm dynein 
IC70 (IC2/ODA6) No Hits 
pfam00400 
(WD domain) 
P27766 Associates with outer arm dynein 
FAP133 No Hits 
No conserved domains 
 
XM_001699649 Associates with IFT dynein 
LICs 
FAP146 (p38) 1E-70 
No conserved domains 
 
XP_001691840 Associates with inner arm species 
D1bLIC No Hits 
pfam08477 
(Miro-like protein) 
XP_001694720 Associates with IFT dynein 
LCs IDA4 (p28) 8E-103 
pfam10211 (Axonemal 
dynein light chain) 


















Associates with outer and inner 
arm dynein heavy chains 
LC8 (FLA14) 3.00E-55 
pfam01221 
(Dynein light chain type 1) 
Q39580 
Associates with outer, inner I1/f, 
and IFT dynein heavy chains 




Associates with outer arm dynein 
heavy chain-α 
LC1 (DCL1) 4.00E-16 
pfam12799 
(Leucine Rich repeats, 2) 
AAD41040 
Associates with outer arm dynein 
heavy chain-γ 




Associates with outer arm dynein 
heavy chain. Binds Ca2+ 




Associates with outer arm dynein 
heavy chain-β 
LC10 (MOT24) No Hits 
pfam01221 
(Dynein light chain type 1) 
EDP00562 
Associates with outer arm dynein 
heavy chain 




(Tctex-1 family, dynein LC) heavy chain 
LC11 (ODA13) No Hits 
pfam01221 
(Dynein light chain type 1) 
Q39579 
Associates with outer arm dynein 
heavy chain 
LC19 (ODA12) No Hits 
pfam03645 
(Tctex-1 family, dynein LC) 
AAB58383 





Table 5-5. Transcripts that encode dynein IC, LIC, and LCs found in Marsilea.  
 
Transcript 





















(WD40 domain) 453-2567[-] IC140(IDA7) 32.15 370 13 2390 627 293 933 2E-112 
c32037_g1 
pfam00400  
(WD40 domain) 273-3200[+] IC138(BOP5) 46.13 163 3 2226 3182 712 1046 3E-93 
c38355_g1 
 
 140-1324[+] FAP146(p38) 37.76 196 5 161 1174 10 334 1E-70 
c28706_g1 
pfam10211  
(Ax. dynein LC) 430-1179[-] IDA4(p28) 64.83 79 1 1140 445 4 239 8E-103 
c17162_g1 
pfam03645  
(Tctex-1 family) 369-713[+] Tctex1a 56.14 47 1 369 710 4 114 4E-43 
c48532_g1 
pfam03645  
(Tctex-1 family) 481-918[+] Tctex2b 45.22 61 1 577 915 6 120 5E-25 
c26568_g1 
pfam03259 
(Roadblock/LC7) 185-553[+] LC7 40.51 47 0 269 505 7 85 1E-19 
c16094_g1 
pfam03259 
(Roadblock/LC7) 1101-1649[-] LC7 34.04 57 2 1436 1167 7 99 8E-15 
c23739_g1 
pfam01221 






(Dynein LC type 1) 589-888[-] LC8 87.06 11 0 846 592 7 91 3E-53 
c17481_g1 
pfam01221 
(Dynein LC type 1) 398-700[+] LC8 85.88 12 0 443 697 7 91 1E-53 
c206_g1 
pfam01221 
(Dynein LC type 1) 357-1550[-] LC8 47.78 45 1 653 384 3 90 5E-22 
c49898_g1 
pfam01221 
(Dynein LC type 1) 556-1497[+] LC8 48.89 44 1 1204 1473 3 90 3E-22 
c15093_g1 
pfam00085 
(Thioredoxin) 281-667[-] LC5 30.68 57 3 601 341 26 110 4E-11 
c8277_g1 
pfam12799 
(Leucine repeats) 668-4153[-] LC1 32.86 86 2 2260 1865 53 192 2E-11 
c70353_g1 
pfam12799 
(Leucine repeats) 318-1571[+] LC1 30.57 80 5 414 800 37 192 8E-11 
c38732_g1 
pfam12799 
(Leucine repeats) 557-3889[+] LC1 33.57 86 2 1103 1510 40 180 4E-16 
c30653_g1 
pfam12799 




The intraflagellar transport machinery  
 The absence of IFT dynein machinery (Table 5-1-3) led me to question if 
other components involved in IFT were present in the Marsilea male gametophyte. 
Specifically, I searched for transcripts that encode the kinesin-2 associated protein 
FLA3, IFT particles, and for the BBsome. All of these proteins have important roles 
in eukaryotic IFT and are required for building motile cilia. As with dynein IC, LIC, 
and LC, there are no specific domain signatures that are unique to these integral IFT 
proteins. Therefore, a similar blastx based approach was used to identify transcripts 
that encode members of the IFT transport machinery in the male gametophyte of 
Marsilea (Table 5-6). I found one transcript that encodes a Marsilea homolog to 
FLA3, which is the kinesin-2-associated protein in Chlamydomonas (Table 5-7). This 
suggests that single kinesin-2 motor found in Marsilea (Chapter 2, Chapter 4) may 
associate with this FLA3 homolog and form complexes similar to heterotrimeric 
kinesin-2. 
 IFT particles are highly conserved in ciliated organisms and can be separated 
into two main subcomplexes termed IFT-A and IFT-B. IFT-A is composed of six 
subunits, IFT144, 140, 139, 122, 121, and 43. Blastx searches of the Marsilea 
transcriptome against IFT protein sequences from Chlamydomonas revealed that 
Marsilea male gametophyte makes transcripts that encode homologs of IFT144, 
IFT140, IFT122, and IFT121 with a high degree of similarity (e-value = 0.0). 
However, transcripts that encode IFT139 and IFT43 were undetectable in the 
Marsilea gametophyte transcriptome (Table 5-7). The IFT-B subcomplex consists of 




four peripheral proteins, IFT172, 80, 57, and 20 (Lucker et al., 2005; Wang et al., 
2009; Fan et al., 2010; Lucker et al., 2010; Bhogaraju et al., 2011). Similar to the 
results for IFT-A subcomplex proteins, I was only able to identify transcripts that 
encode an incomplete set of both the IFT-B core and peripheral subcomplex proteins 
in the Marsilea male gametophyte. Transcripts that encode IFT70, 52, 46 core 
proteins and IFT172, 80, and 57 peripheral proteins were found in the gametophyte 
and show a high degree of similarity to counterpart Chlamydomonas sequences 
(Table 5-7). 
The BBSome is a complex of proteins that are transported into the cilium 
through IFT and are important for ciliary membrane biogenesis, IFT assembly, and 
turnaround (Nachury et al., 2007; Berbari et al., 2008; Shah et al., 2008; Lechtreck et 
al., 2009; Wei et al., 2012). Blastx searches of the Marsilea transcriptome against 
BBsome proteins in Chlamydomonas did not identify any BBsome homologs in 
Marsilea (Table 5-7). This was not entirely surprising as the BBsome is not required 
for ciliary assembly in most cell types (Blacque et al., 2004; Kulaga et al., 2004; 
Mykytyn et al., 2004; Yen et al., 2006; Nachury et al., 2007; Loktev et al., 2008; 
Mukhopadhyay et al., 2008) and is frequently absent in organisms that have a reduced 













IFT144 0.00E+00 WD40, SNAP, TPR repeat ABU95019 
IFT140 0.00E+00 pfam04053 (Coatomer WD associated region) XP_001696098 
IFT122 0.00E+00 pfam00400 (WD domain) XP_001700201 
IFT121 0.00E+00 pfam00400 (WD domain) XP_001702021 
IFT139 No Hits pfam13432 (Tetratricopeptide repeat) ABU95018 
IFT43 No Hits pfam15305 (Intraflagellar transport protein 43) XP_001696653 
IFT-B 
Core 
IFT88 3.00E-179 pfam13424 (Tetratricopeptide repeat) XP_001700100 
IFT70 0.00E+00 pfam14559 (Tetratricopeptide repeat) XP_001692406 
IFT52 1.00E-84 pfam09822 (ABC-type uncharacterized transport) XP_001692161 
IFT46 5.00E-61 pfam12317 (Intraflagellar transport protein 46) A2T2X4 
IFT27 No Hits pfam00071 (Ras family) A8HN58 
IFT81 No Hits pfam12128 (DUF3584) XP_001697224 
IFT74/72 No Hits pfam05557 (Mitotic checkpoint protein) XP_001689563 
IFT25 No Hits pfam00754 (F5/8 type C domain) B8LIX8 
IFT22 No Hits pfam08477 (Miro-like protein) XP_001689669 






IFT80 2.00E-179 pfam00400 (WD domain) XP_001693341 
IFT57 6.00E-77 pfam10498 (Intraflagellar transport protein 57) XP_001698648 
IFT20 No Hits pfam14931 (Intraflagellar transport protein 20) XP_001701966 
BBsome 
BBS1 No Hits pfam14779 (Ciliary BBSome 1) XP_001701093 
BBS2 No Hits pfam14782 (Ciliary BBSome 2, C-terminal), 
pfam14781 (Ciliary BBSome 2, N-terminal) 
XP_001696363 
BBS3 No Hits pfam00025 (ADP-ribosylation factor family) XP_001701479 
BBS4 No Hits pfam00515 (Tetratricopeptide repeat) XP_001693990 
BBS5 No Hits pfam07289 (DUF1448) XP_001696253 
BBS7 No Hits No conserved domains XP_001689707 
BBS9 No Hits pfam14727 (PTHB1 N-terminus) XP_001692266 
Kinesin-2 
Associated 





















































134-1543[+] IFT52 41.06 236 11 179 1528 11 435 1E-84 
c10572_g1 
pfam12317 
(IFT protein 46) 










192-2471[+] IFT80 38.52 442 7 192 2447 1 740 2E-179 
c9621_g1 
pfam10498 
(IFT protein 57) 




Transcripts that encode cilia-associated proteins increase in abundance during 
spermatogenesis 
In order to predict if transcripts that encode dynein and IFT machinery 
proteins present in the Marsilea gametophyte transcriptome are functional during 
ciliogenesis, I tracked the abundance of each transcript during development. As 
shown in Chapter 3, I calculated changes in transcript abundance between each time 
interval of development (1-2h vs. 3-5h, 3-5h vs. 6-8h, and 1-2h vs. 6-8h) from RNA-
seq counts in replicate samples using EdgeR (Robinson et al., 2010). During each of 
these stages, progress through different developmental landmarks occurs. The first 
five hours of development are marked by a series of mitotic divisions that produce 32 
spermatids and seven sterile cells. The final stage of development occurs 6-8 hours 
post hydration when each spermatid differentiates into a motile spermatozoid with 
about 140 cilia (for review, see Chapter 1; Wolniak et al., 2011; 2015). Transcripts 
that encode proteins with established roles in ciliogenesis tend increase in abundance 
during development, while transcripts that encode proteins involved in mitosis 
decrease in abundance (Boothby, 2013; Wolniak et al., 2015; Tomei and Wolniak, 
2016).  Therefore, I suspected that transcripts that encode inner arm dynein HCs, ICs, 
LICs and LCs, and IFT proteins would increase in abundance during gamete 
maturation as these proteins have important roles in ciliogenesis and motility in other 
organisms.  
I first generalized changes in abundance into three main categories, as a) 
transcripts that increase, b) those that decrease, or c) those that did not change 




classified as significant, transcripts must exhibit at least a two-fold change in 
abundance between the 1-2h and the 6-8h time interval (-1.0 < logFC > 1.0) and have 
an FDR<0.05. I found that the majority, ~79% (30/38), of these transcripts increased 
in abundance during development, while only ~8% (3/38) decreased in abundance. 
The remaining transcripts, ~13% (5/38), did not change significantly during male 
gametophyte development in Marsilea (Figure 5-2).  
In order to determine the identity of transcripts that increase, decrease, or do 
not change in abundance during development, I separated the transcripts into eight 
groups based on predicted identity. These groups include dynein HC, dynein IC, 
dynein LIC, dynein LC, the kinesin-2 associated protein FLA3, IFT-A subcomplex, 
IFT-B subcomplex core, and IFT-B subcomplex periphery proteins. Of these groups, 
all transcripts that encode dynein HC, IC, LIC, FLA3, IFT-A, and IFT-B core 
proteins increase in abundance. In addition, the majority of transcripts that encode LC 
proteins also increase in abundance (Figure 5-2). Only three transcripts decrease 
significantly during development in Marsilea and all encode dynein LC proteins 
(Figure 5-2). None of the transcripts that encode IFT-B subcomplex periphery 
proteins change significantly in abundance (Figure 5-2). Normalized FPKM values 
for these transcripts and two others, both dynein LCs, that do not change significantly 





Figure 5-2. Cilia-associated transcripts change in abundance during 
spermatogenesis. (A) Percentage of cilia-associated transcripts that increase (red), 
decrease (blue), and do not change (yellow) in abundance. 79% (30/38) of kinesins 
increase and 8% (3/38) decrease in abundance. (B) Transcripts that encode cilia-
associated proteins grouped by changes in abundance. Most groups have 
transcripts that only increase in abundance. All IFT-B subcomplex peripheral 












1-2 v 3-5 
logFC 
1-2 v 3-5 
FDR 
3-5 v 6-8 
logFC 
3-5 v 6-8 
FDR 
1-2 v 6-8 
logFC 
1-2 v 6-8 
FDR 
c38124_g1 IAD1a 0.1027 5.3545 53.068 5.75150033 8.44E-17 2.74985222 0.0117564 8.58393554 1.17E-58 
c31683_g1 IAD1b 4.6563 5.289 72.239 2.47351911 1.80E-03 3.29909008 1.33E-03 5.84949957 4.52E-32 
c31020_g3 IAD3 0.0127 1.7755 82.048 7.7673557 4.59E-16 4.19643192 2.30E-04 12.0733320 2.20E-81 
c1276_g1 IAD3 0.1097 2.438 75.7 5.17866250 3.76E-09 3.77302363 1.26E-03 9.02874170 2.18E-55 
c27157_g1 IAD3 0.157 2.5635 69.594 4.71914225 2.51E-07 3.58484925 1.87E-03 8.37687678 5.33E-47 
c27157_g2 IAD4 0.0387 6.7205 222.46 7.5501641 3.19E-23 4.44597123 6.79E-06 12.0707258 4.28E-83 
c31426_g1 IAD5 0.183 2.477 70.141 4.46898456 3.30E-07 3.63660404 1.68E-03 8.17295401 8.40E-54 
c22966_g1 IC140(IDA7) 0.5463 2.784 24.073 3.18650857 0.0178210 1.69726066 0.1292824 4.9867506 8.31E-14 
c32037_g1 IC138(BOP5) 0.1037 0.9905 75.533 4.17074004 7.06E-07 4.80670312 2.20E-04 9.09367489 8.17E-63 
c38355_g1 FAP146 0.0027 0.2955 54.493 7.0717665 1.70E-05 6.04254541 6.30E-04 13.2545795 7.46E-70 
c28706_g1 IDA4(p38) 0.083 5.3625 486.10 6.8535906 3.47E-14 5.09444087 2.63E-05 12.0555124 2.77E-88 
c17162_g1 Tctex1a 0.0077 3.4195 46.192 9.4105737 2.05E-12 2.30765548 0.0611235 11.8579831 1.33E-59 
c48532_g1 Tctex2b 0.014 2.408 32.712 8.1194259 5.83E-12 2.30601305 0.0532020 10.56 5.16E-64 
c26568_g LC7 0.0193 1.468 54.388 6.9775686 1.71E-07 3.7312277 0.0114984 10.8407036 1.43E-57 
c16094_g1 LC7 0.048 8.1915 51.496 8.18919046 6.52E-16 1.30438986 0.2746425 9.6042645 5.36E-53 
c23739_g1 LC8 0.0857 7.144 742.45 7.1815346 5.34E-12 5.24516757 1.68E-04 12.5512309 6.52E-74 




c17481_g1 LC8 8.175 29.51 1613.5 2.58576747 0.0452549 4.51101208 4.25E-05 7.19915650 4.61E-47 
c206_g1 LC8 3.0707 0.728 1.4687 -1.1453248 0.3831992 -0.4737942 1 -1.4850657 1.91E-03 
c49898_g1 LC8 3.1763 0.752 0.7123 -1.1427211 0.462056 -1.5503566 0.7092158 -2.5497445 4.36E-07 
c15093_g1 LC5 0.1497 0.0475 0.3107 -2.397005 1 1.82130547 1 -0.5591619 0.921856 
c8277_g1 LC1 0.1603 1.0085 36.415 3.54243384 6.94e-05 3.74210787 2.61E-03 7.42981894 4.59E-55 
c70353_g1 LC1 0.887 4.467 10.818 3.16902296 0.0171523 -0.1378134 1 3.13615760 1.22E-06 
c38732_g1 LC1 3.63 1.507 1.1987 -0.3870807 0.9309766 -1.7534477 0.4740072 -2.0088918 1.19E-07 
c30653_g1 LC1 0.7183 0.2475 0.2147 -0.8390535 0.7197615 -1.6939716 0.6108124 -2.3970743 2.79E-05 
c38876_g1 IFT144 0.0077 0.6655 10.761 7.54409876 4.97E-11 2.54931695 0.0358702 10.2481960 2.18E-63 
c59356_g1 IFT140 0.0703 0.409 10.399 3.42207181 3.48E-04 3.18387750 0.0147626 6.78663303 5.98E-43 
c20399_g1 IFT122 2.8113 2.232 14.599 0.52387393 1 1.31687441 0.2474089 1.95461374 1.68E-07 
c26615_g1 IFT121 0.0783 1.7965 6.921 5.34745300 1.12E-07 0.53392618 0.7694026 5.98205775 4.75E-20 
c24856_g1 IFT88 0.078 1.695 23.294 5.28224113 1.69E-09 2.35603857 0.0427786 7.78712969 3.55E-53 
c29554_g1 IFT70 0.48 34.698 13.35 3.80538603 3.51E-03 0.8401831 1 4.31400934 1.46E-09 
c161_g1 IFT52 0.4777 1.647 7.6817 2.66055192 0.2391705 0.7527033 0.6055739 3.51212698 5.22E-06 
c10572_g1 IFT46 0.607 4.348 36.789 3.69991485 3.43E-05 1.68764779 0.1323177 5.49180203 2.28E-34 
c21562_g2 IFT172 1.032 0.4925 0.4863 -0.1635930 1 -1.4673320 0.810042 -1.4951510 1.37E-03 
c29908_g1 IFT80 0.4543 0.343 0.536 0.5143729 1 -0.8299689 1 -0.1372877 0.999987 
c9621_g1 IFT57 3.0117 1.904 1.755 0.25739928 1 -1.5795973 0.7012015 -1.1900219 0.016557 




In order to examine patterns of transcript abundance and how they correlate 
with each distant state of development more specifically, I generated a heatmap that 
compares changes in abundance that occur during the mitotic stage of development 
(1-2h vs. 3-5h), during differentiation (the 3-5h vs. 6-8h), and over the entire course 
of development (1-2h vs. 6-8h). Negative values for logFC represent decreases 
(shown in blue) in abundance, while positive values represent increases (shown in 
red). Unchanging and non-significant changes in abundance are depicted in yellow. 
Similar to what was observed for transcripts that encode kinesin proteins (see Chapter 
3), transcripts that decrease in abundance appear to do so over the entire course of 
development (between the 1-2h and 6-8h time intervals) rather that during a specific 
stage (Figure 5-3). Transcripts that increase show more diverse patterns of 
abundance. The majority, 75% (21/28), of the transcripts that increase in abundance 
do so over the entire course of development; however, 25% (7/28) increase 
specifically between the 1-2h and 3-5h time interval (Figure 5-3). These increases 
suggest that these transcripts are important for events that occur during the later 
stages of development that are associated with basal body formation, cellular 





Figure 5-3. Heatmap 
depicting changes in 
abundance for cilia-
associated transcripts. 
Increases in abundance 
(LogFC > 1.0) are shown in 
increasing shades of red and 
decreases (LogFC < -1.0) are 
shown in increasing shades of 
blue. Non-significant changes 
in abundance are shown in 
yellow. Changes were 
calculated between the 1-2h 
and 3-5h time intervals, 3-5h 
and 6-8h time intervals, and 
over the entire course of 
development (between the 1-
2h and 6-8h time intervals). 
Transcripts are grouped with 
the largest increases in 
abundance between the 1-2h 





Discussion and Conclusion 
Loss of cytoplasmic dynein, IFT dynein, and outer arm dynein in Marsilea 
Using the conserved dynein heavy chain domain (PF03028), I found seven 
dynein HC transcripts in the Marsilea male gametophyte (Table 5-1). Phylogenetic 
analysis of these dynein HC transcripts revealed that they all encode inner arm dynein 
HCs and that Marsilea contains both single headed (IAD-3, IAD-4, IAD-5) and 
double headed (IAD-1α and IAD-1β) inner arm dynein species (Figure 5-1). 
Transcripts that encode outer arm dynein, cytoplasmic dynein, and IFT dynein are all 
undetectable in the Marsilea male gametophyte transcriptome (Table 5-2, 3). 
Consistent with the loss of all dynein HCs except inner arm dynein, transcripts that 
encode IC and LIC proteins that associate with cytoplasmic, IFT, and outer arm 
dynein HCs are also absent from this transcriptome. The only IC and LICs present are 
those that associate with inner arm dynein HC, namely IC138, IC140, and FAP146 
(Table 5-4, 5). Dynein LC proteins are a bit more promiscuous and have the ability to 
associate with multiple classes of dynein HCs, plus additional proteins (King et al., 
1996; Pazour et al., 1998; Espindola et al., 2000; Yang et al., 2001; Barbar, 2008). I 
found transcripts that encode homologs of five different classes of LC proteins in the 
Marsilea transcriptome, IAD4, LC8, Tctex1, Tctex2, and LC7 (Table 5-4, 5). All of 
these LCs associate with inner arm dynein, although LC8 and LC7 additionally 
associate with cytoplasmic and outer arm dynein (King et al., 1996; Pazour et al., 




This absence of cytoplasmic, IFT, and outer arm dynein HCs, ICs, LICs, and 
LCs in the Marsilea transcriptome was not entirely surprising as the evolutionary 
history of dynein in eukaryotes is largely a history of loss. There is substantial 
evidence to support that the last common ancestor to all eukaryotes already possessed 
all nine classes of dynein HCs seen in modern cells and the loss of specific dynein 
HC classes is typically associated with major morphological events in evolutionary 
history, such as the loss of cilia or motility (Wickstead and Gull, 2007). Cytoplasmic 
dynein is absent in all plants; including green algae (Lawrence et al., 2001; Yu et al., 
2002; Tuskan et al., 2006; Jaillon et al., 2007; Wickstead and Gull, 2007; Schnable et 
al., 2009), therefore the absence of cytoplasmic dynein in Marsilea was not 
unexpected. There is speculation that additional minus-end kinesin motors are 
necessary to compensate for the loss of cytoplasmic dynein in green plants (see 
Chapter 1), although more work is required to test this hypothesis. More intriguing is 
the absence of transcripts that encode homologs of IFT and outer arm dynein in the 
Marsilea transcriptome. Like cytoplasmic dynein, IFT dynein and outer arm dynein 
have been lost in several instances over the course of evolutionary history; however 
unlike cytoplasmic dynein, the loss of these dynein classes is typically restricted to 
organisms that do not use or require IFT to assemble their axonemes (Briggs et al., 
2004) or organisms that simply lack ciliary axonemes altogether (Wickstead and Gull, 
2007), respectively. This makes the loss of these specific dynein classes in Marsilea 




The IFT fingerprint in Marsilea 
 The absence of transcripts that encode IFT dynein suggests that Marsilea uses 
IFT-independent mechanisms to build cilia, though several lines of evidence point to 
the inaccuracy of this assumption. Firstly, although ciliogenesis can occur 
independently of IFT  (Han et al., 2003; Sarpal et al., 2003; Briggs et al., 2004), these 
situations are rare and require the assembly of cilia in the cytoplasm, rather than as 
membrane extensions as they are constructed in Marsilea (Chapter 1). Secondly, 
kinesin-2, the anterograde motor associated with IFT, is required for ciliogenesis in 
the Marsilea male gametophyte (Chapter 4). Thirdly, a transcript that encodes a 
FLA3 homolog was identified in Marsilea. FLA3 is an adaptor protein required for 
the function heterotrimeric kinesin-2 during IFT. With the addition of FLA3 it is 
possible that the single kinesin-2 motor identified in Marsilea (Tomei and Wolniak, 
2016) forms traditional heterotrimeric complexes with a yet undetected or highly 
divergent partner or that Marsilea kinesin-2 functions in a unique kinesin/adaptor 
protein arrangement. More functional studies on the role of FLA3 in Marsilea are 
required to answer this question. Fourthly, and perhaps most importantly, searches for 
IFT machinery in Marsilea revealed the presence transcripts that encode homologs of 
IFT-A and IFT-B subcomplex proteins, although important IFT proteins are absent 
(Table 5-5, 6). An incomplete set of IFT subcomplex proteins has also been observed 
in other ciliated land plants, like Physcomitrella and Selaginella (Wickstead and Gull, 
2007; Hodges et al., 2010; Desai et al., 2015). Finally, the loss of IFT dynein appears 




absent in Physcomitrella and Thalassiosira (Wickstead and Gull, 2006; Desai et al., 
2015), yet these organisms use IFT to build motile cilia. 
 The absence of IFT dynein, the only known retrograde IFT motor, coupled 
with the requirement of IFT for ciliogenesis in Marsilea raises some important and 
unresolved questions. How does retrograde IFT occur without IFT dynein or is 
retrograde transport necessary for ciliogenesis? Although never investigated, it is 
possible that minus-end directed kinesin motors replace the action of IFT dynein in 
Marsilea and other ciliated plants. During gametophyte development in Marsilea, 
various kinesin-14s increase in abundance during the time interval of development 
associated with ciliogenesis and may have important roles in this process (Chapter 3, 
Tomei and Wolniak, 2016). Or maybe retrograde IFT is not required for ciliogenesis 
and a less specific transport mechanisms, such as diffusion, is sufficient to return 
ciliary particles to the cell body. The microtubule plus end tracking protein, EB1, 
accumulates at the tips of cilia independently of IFT and instead uses diffusion and 
capture for localization (Harris et al., 2016). A similar process may be involved in 
retrograde IFT in Marsilea. 
Although transcripts that encode IFT subcomplex proteins are present in the 
Marsilea gametophyte transcriptome, transcripts that encode BBsome proteins are 
absent (Table 5-6). The BBSome is a protein complex that is transported into cilia 
through IFT. While implicated in the biogenesis of the ciliary membrane, IFT 
assembly, and turnaround (Nachury et al., 2007; Berbari et al., 2008; Shah et al., 
2008; Lechtreck et al., 2009; Wei et al., 2012), the BBsome is not specifically 




of organisms and the BBsome is frequency absent in organisms that have a reduced 
ciliary stage (Blacque et al., 2004; Kulaga et al., 2004; Mykytyn et al., 2004; Yen et 
al., 2006; Nachury et al., 2007; Loktev et al., 2008; Mukhopadhyay et al., 2008; van 
Dam et al., 2013). Therefore, the absence of BBsome homologs in Marsilea was not 
particularly surprising.  
Motility without outer arm dynein 
In addition to the absence of IFT dynein while still maintaining IFT, Marsilea 
also makes motile cilia without outer arm dynein (Wolniak and Cande, 1980; Hyams, 
1985; Hyams and Campbell, 1985). This situation is not unique to Marsilea, as both 
outer and inner arm dynein have independently been lost in organisms that are able to 
produce motile cilia. Like Marsilea, Physcomitrella has also lost all components of 
the outer arm dynein complex (HCs, ICs, and LICs), but has retained the inner arm 
dynein (Wickstead and Gull, 2007; Desai et al., 2015). In Chlamydomonas, mutants 
that are unable to make outer arm dynein are still capable of building motile cilia 
(Kamiya and Okamoto, 1985), although mutations in inner arm dynein contribute to a 
loss of motility (Kamiya et al., 2000). In both Marsilea and Physcomitrella, motile 
axonemes without outer arm dynein are produced in organisms are only ciliated as 
gametes. The reason for this is unknown, although a general reduction in cilia-
associated proteins has been observed in organisms that are only ciliated for a short 
period of time (Marande et al., 2011). 
Transcripts that are involved in IFT and motility increase in abundance  




and availability in are important for regulating rapid development in the Marsilea 
male gametophyte. pre-mRNAs are stored as intron-containing, masked transcripts 
until spore rehydration, when they are unmasked, processed, and subsequently 
translated in the developing gametophyte (Tsai et al., 2004; Boothby et al., 2013; 
Wolniak et al., 2015). My analysis of the dynein family and IFT particles in Marsilea 
shows that the majority, ~79% (30/38), of these transcripts increased in abundance 
during development (Figure 5-2). Transcripts that increase in abundance encode all 
inner arm dynein HCs, ICs, and LICs, FLA3, IFT-A (IFT144, 140, 122, and 121), and 
IFT-B core (IFT88, 70, 52, and 46) proteins. Many of these transcripts exhibit large 
changes in abundance. A Marsilea homolog of FAP146, a dynein LIC that associates 
with inner arm dynein, has a logFC of over 13, which translates to about a 9,000 fold-
change in abundance, between the 1-2h and 6-8h time intervals of development. 
Other transcripts show similarly large increases (Table 5-8). Past analyses have 
shown that transcripts that increase in abundance during development become 
detectable by unmasking, splicing, and polyadenylation at a specific time intervals 
after spore hydration (Deeb et al., 2010; Boothby and Wolniak, 2011; Boothby et al., 
2013; Wolniak et al., 2015) and that patterns of transcript abundance directly 
correlate with protein function (Chapter 3; Tomei and Wolniak, 2016). Based on the 
observed patterns of transcript abundance, it is likely that Marsilea homologs of inner 
arm dynein, FLA3, IFT-A, and IFT-B core proteins are involved in spermatid 
ciliogenesis and motility. Functional analysis of these proteins during spermatid 





In contrast ~8% (3/38) of dynein and IFT transcripts decrease in abundance, 
while the remaining ~13% (5/38) do not change significantly during male 
gametophyte development in Marsilea (Figure 5-2). The three transcripts that 
decrease in abundance all encode two dynein LC1 proteins and LC8 (Figure 5-2, 
Table 5-8). Unlike dynein ICs and LICs, dynein LCs have the ability to complex with 
other proteins in addition to dynein and LC8 are thought to serve as an important 
dimerization and signaling hub (King et al., 1996; Pazour et al., 1998; Espindola et 
al., 2000; Yang et al., 2001; Barbar, 2008). It is possible that these dynein LCs are 
involved in processes that are unrelated to axonemal dynein and are functional during 
earlier stages of development. Transcripts that do not change in abundance during 
gametophyte development in Marsilea encode two dynein LCs (an LC5 and an LC8 
protein) and the IFT-B periphery subcomplex (IFT172, 80, and 57) (Figure 5-2, Table 
5-8). Kinesin transcripts that do not change in abundance during development have 
high FPKM values and are required for the successful passage through the early 
stages of gametogenesis (Chapter 3; Tomei and Wolniak, 2016). However, FPKM 
values for transcripts that encode LC and IFT-B proteins that do not change in 
abundance remain low throughout development. The exact meaning of this is unclear, 
but it is possible that these transcripts are not functional or are never translated into 
functional proteins during gametophyte development. Further analysis of these 
transcripts and others with consistently low FPKM values is required to assess their 
purpose and scope during gametophyte development. 
It appears that spermatids in Marsilea only produce transcripts that encode 




cilia. A similar pattern of protein loss is observed in Physcomitrella and Selaginella. 
This could be in response to the restriction of motile cilia in Marsilea and other 
ciliated land plants to the male gametophyte. Marsilea spermatozoids are produced 
very quickly and only eleven hours from start to finish is required to produce 32 
spermatozoids from one single undifferentiated cell. It is possible that evolution has 
selected for the fastest possible way to produce functional motility, while ignoring 
some of the finer points of ciliogenesis (IFT dynein, outer arm dynein, a full set of 
IFT subcomplex proteins, BBsome proteins) seen in organisms that require motility 
throughout the life cycle. I hypothesize that the complement of motility and IFT-
associated proteins identified in the Marsilea male gametophyte represents a basic 




Chapter 6: Conclusions and Perspectives 
 
Final Conclusions 
 The results presented in this dissertation describe how kinesin motor proteins 
are required to regulate important events and key developmental stages that occur 
during spermatogenesis and spermiogenesis in Marsilea vestita. This work started 
with a few experiments designed to test how a single kinesin-13 motor was involved 
in establishing cell fate and polarity during gametophyte development and expanded 
to encompass a transcriptome-based investigation of the entire kinesin family and 
some of the first studies that address the mechanisms that control ciliogenesis in land 
plants. Presented in this chapter are my summarized conclusions and some 
suggestions for the future of this work. 
 There are three main developmental stages required for successful 
spermatogenesis Marsilea. The first is the establishment of polarity and cell fate 
within the gametophyte through a series of asymmetric divisions that separate sterile 
cells from spermatogenous initials. Next, symmetric divisions are responsible for 
creating 32 spermatids from the spermatogenous initials, which are surrounded by six 
sterile jacket cells and one prothallial cell. The last stage is marked by morphogenesis 
and requires the differentiation of each spermatid into a motile spermatozoid 
containing a coiled nucleus and microtubule array that is studded by the regular 
distribution of basal bodies that form de novo and then become the sites of 




the processes that regulate gametophyte development was that although each one of 
these stages is unique in biological application and consequence, at their core, each 
stage is regulated by the cytoskeleton. I hypothesized that cytoskeletal dynamics and 
the coordinated events of proteins that regulate cytoskeletal arrays must be required 
for development. Work from our lab previously established that both the cytoskeleton 
(Wolniak and Swamy, 2004) and kinesin motor proteins (Deeb, 2009) are important 
for in gametophyte development. Therefore, I decided to investigate these dynamics 
further by determining how the kinesin family contributes to the processes that 
regulate gametophyte maturation, differentiation, and ciliogenesis. 
To begin, I performed a transcriptome-based search to establish the identity of 
every member of the kinesin family that is present during gametophyte development. 
Chapter 2 outlines this work and concludes that the male gametophyte of Marsilea 
makes at least 56 distinct kinesin transcripts. These transcripts encode members of the 
kinesin-2, -4, -5, -7, -8, -9, -10, -12, and -13 families, plus a diverse group of kinesin-
14s, several plant specific, and ‘orphaned’ kinesins. This complement of kinesin 
motors closely resembles that of other plants that produce ciliated spermatozoids, 
such as Physcomitrella patens. The absence of kinesin-3, -6, and -11 and the 
expansion of the kinesin-14 family was not surprising in Marsilea as this is a typical 
feature found in the kinesin family of many land plants. Transcripts that encode 
kinesin-1 are also absent in Marsilea, yet members of the kinesin-1 family can be 
identified in Arabidopsis, Physcomitrella, and Chlamydomonas. The Marsilea male 
gametophyte makes transcripts that encode members of the kinesin-2, -9, and -




addition, my analysis of the kinesin family in Chlamydomonas, Physcomitrella, and 
Marsilea adds kinesin-4 II and ARK-LIKE to the group of motors that are restricted 
to ciliated plants. Overall, the kinesin family in Marsilea appears to be an 
intermediate between those of Physcomitrella and Arabidopsis, sharing many features 
with Physcomitrella (kinesin-2, -4 II, -9, ARK-LIKE, -‘orphan’ I, and -‘orphan’ III) 
and many with Arabidopsis (kinesin-10, kinesin-‘orphan’ IV, a relatively reduced 
group of kinesin-12s, and an expanded group of kinesin-7s and kinesin-14s). This is 
consistent with the evolutionary relationship among these three plants. 
Chapter 3 continues with the global examination of the kinesin family in 
Marsilea and establishes the functional significance many kinesins during 
gametophyte development. Development in Marsilea is post-transcriptionally 
regulated with transcripts stored in the quiescent spore becoming unmasked, spliced, 
and polyadenylated in a precise pattern necessary for spermatogenesis. I found that 
most kinesin transcripts change in abundance during development. Transcripts that 
increase in abundance later in development encode kinesins with conserved roles in 
ciliogenesis and motility. Transcripts that decrease during development encode many 
kinesins with established roles in plant mitosis. Functional analysis of nine kinesins 
with different patterns of transcript abundance was investigated through the RNAi 
knockdowns of each kinesin during development. Kinesin-4 Ic and kinesin-13a both 
decrease in abundance and are required for mitosis during development. Kinesin-13a 
is needed very early in development for events that occur one to two hours post 
hydration, such as the establishment of cell fate and patterning of asymmetric 




symmetric divisions that occur within spermatogenous cells. Kinesin-13b, which does 
not change in abundance and knockdowns, had a similar, yet more severe, phenocopy 
to kinesin-13a knockdowns where gametogenesis was unorganized and development 
stopped prior to the establishment of cell fate. Kinesin-14 VI and ARK-LIKE both 
increase in abundance and are necessary differentiation events that regulate the 
transformation of each spermatid into a corkscrew-shaped motile spermatozoid. 
Knockdowns of kinesin-12 II, ARK, and -‘orphan’ III did not show any discernable 
defects in development when visualized at eight hours. Overall, I found that the 
temporal regulation of kinesin transcripts directly correlates with protein function and 
overarching cellular processes that are occurring at different phases of gametophyte 
development. These conclusions support the hypothesis that kinesin motor proteins 
participate in rate-limiting roles during development, especially during the formation 
of the ciliary axonemes in motile spermatozoids.  
Chapter 4 further investigates the processes that regulate spermatid 
differentiation, specifically focusing on how kinesin-2 and kinesin-9 contribute to 
ciliogenesis during spermatid morphogenesis. In Chapter 2, I found that the male 
gametophyte of Marsilea produces transcripts that encode a single kinesin-2 motor, 
kinesin-9A, and kinesin-9B. mRNAs that encode these kinesins increase in 
abundance and presumably become available during the stage of development 
associated with spermatid differentiation and ciliogenesis. Functional analyses 
showed that kinesin-2 is involved in cell division (Monster phenocopy) and in 
regulating the length of motile cilia (Rapunzel phenocopy). Knockdown experiments 




(Porcupine phenocopy) during spermatid differentiation leading to spermatozoids that 
are unable to power directional swimming. In contrast, kinesin-9B (Late Bloomer 
phenocopy) does not appear to be required for the construction of motile 
spermatozoids in Marsilea. 
Heterotrimeric kinesin-2 is the main motor associated with anterograde IFT in 
motile cilia and mutations typically produce cells that lack cilia due to resultant 
problems with IFT (Huang et al., 1977; Walther et al., 1994; Kozminski et al., 1995; 
Cole et al., 1998). Therefore, the involvement of kinesin-2 in cytokinesis and in 
regulating ciliary length in the Marsilea male gametophyte is atypical and was 
slightly unexpected. However, there are several explanations for this seemly odd 
combination of phenocopies. I only identified a single transcript that encodes a 
kinesin-2 motor in Marsilea. Kinesin-2 normally functions as heterotrimeric 
complexes in organisms that make motile cilia. This same situation has been noted in 
other ciliated land plants like Physcomitrella (Wickstead et al., 2010b; Shen et al., 
2012). It is therefore likely that the single kinesin-2 motor found in Marsilea and 
other ciliated land plants functions differently from its better-characterized 
heterotrimeric counterpart. Although best known for its functions during ciliogenesis, 
kinesin-2 has also been implicated in mitosis and in intracellular membrane 
trafficking in a number of cell types (Le Bot et al., 1998; Fan and Beck, 2004; 
Stauber et al., 2006; Nekrasova et al., 2011) thus potentially explaining the Monster 
phenocopy observed during gametophyte development. Also kinesin-2 is not the only 
motor implicated in anterograde IFT. In the C. elegans cephalic male cilia (CEM) 




to regulate ciliary length (Morsci and Barr, 2011). It is possible that the Marsilea 
kinesin-2 interacts with other motors during ciliogenesis and in IFT thus explaining 
the Rapunzel phenocopy. 
The Porcupine phenocopy observed in Marsilea after knockdown of kinesin-
9A was also different than currently established roles for this motor. The typical 
phenotype observed in kinesin-9A mutants of a reduction in ciliary beating due to the 
interaction of kinesin-9A with central pair microtubules (Bernstein et al., 1994; 
Yokoyama et al., 2004; Demonchy et al., 2009). In Marsilea, I attribute disorganized 
ciliary beating and the inability to maintain normal swimming patterns on the mis-
localization of basal bodies in mature spermatozoids. The reason for these 
contradictions is not currently understood; however, significant differences in the 
structure of axoneme in fern spermatozoids including those from Marsilea (Wolniak 
and Cande, 1980; Hyams, 1985; Hyams and Campbell, 1985) may be to blame. 
In Chapter 5 I complemented this analysis but searching the transcriptome for 
other important players in ciliogenesis and motility, such as dynein and the IFT 
machinery. I found that the male gametophyte of Marsilea makes transcripts that 
encode both single headed (IAD-3, IAD-4, IAD-5) and double headed (IAD-1α and 
IAD-1β) inner arm dynein heavy chain proteins. Intermediate chain (IC138 and 
IC140) and light intermediate chain (FAP146) proteins that associate with inner arm 
dynein are also present. All of these transcripts increase in abundance and have 
predicted functions during the stage of development that is associated with 
differentiation, ciliogenesis, and motility. Transcripts that encode cytoplasmic dynein, 




complement of dyneins closely resembles that of other plants, especially those that 
produce ciliated spermatozoids. Like Marsilea, motile axonemes in Physcomitrella 
and Selaginella are produced without IFT dynein and outer arm dynein. This proves 
that IFT dynein and outer arm dynein are not absolutely required for motility; 
however, relatively slow beat frequencies are typically observed in fern 
spermatozoids (Wolniak and Cande, 1980). Although transcripts that encode IFT 
dynein are absent in the Marsilea male gametophyte, IFT is still required for 
ciliogenesis (see Chapter 4) and IFT subcomplex proteins are present in the 
gametophyte transcriptome. Many of these IFT subcomplex proteins increase in 
abundance during development and are therefore likely to be required for ciliogenesis 
in Marsilea. It is unclear how retrograde IFT occurs in ciliated land plants without 
IFT dynein, but it is possible either minus-end directed kinesins or IFT-independent 
transport mechanisms are used instead.  
The Marsilea male gametophyte makes what appears to be the basic 
complement of proteins required for the construction of motile cilia through IFT. 
Transcripts that encode these proteins all increase in abundance and include inner arm 
dynein HCs, ICs, LICs, and LCs, kinesin-2 (see Chapter 4) and its adaptor protein 
FLA3, IFT144, 140, and 121 of the IFT-A subcomplex, and IFT88, 70, 52, and 46 of 
the IFT-B subcomplex. 
 
Future Experiments 
 The data presented in this dissertation not only significantly enhance our 




Marsilea male gametophyte, but also address substantial gaps in the study of 
ciliogenesis in the spermatozoids of embryophyte plants. However, important 
questions regarding how kinesin motors control development processes remain 
unanswered. The Marsilea male gametophyte is an excellent system for the study of 
ciliogenesis in land plants since the whole purpose of development is to produce 
motile spermatozoids in a stunningly short period of time. Studies on how kinesins 
regulate spermatid differentiation and ciliogenesis in Marsilea will not only 
significantly add to the body of research on plant kinesins, which is largely restricted 
to mitosis, but will help place the mechanisms that regulate ciliogenesis in land plants 
into evolutionary context. 
 In chapter 2, I used the gametophyte transcriptome to study the kinesin family 
in Marsilea on a global scale. This analysis is important for understanding how 
kinesins contribute to gametophyte development, but a more complete analysis of the 
kinesin family requires genomic, not transcriptomic data. A genomic examination of 
the kinesin family in Marsilea is beyond the scope of this dissertation as my focus 
was mainly on gametophyte development, but this type of analysis would be useful to 
the plant cell biologist. One area where genomic analysis will be helpful is in 
determining if Marsilea produces kinesin-1. In my analysis, I was not able to detect 
any transcripts that encode members of the kinesin-1 family though kinesin-1s have 
been identified in Chlamydomonas, Physcomitrella, and Arabidopsis. It is possible 
that the Marsilea genome contains kinesin-1, but that kinesin-1 is not required for the 
production of male gametes. In support of this hypothesis, Arabidopsis kinesin-1 has 




Further analyses are required to answer this question and determine if kinesin-1 is 
truly absent in Marsilea or if it is only absent in male gametophytes.  
In addition to genomic analyses, an RT-PCR based approach could be 
employed to compare the kinesin family in the Marsilea gametophyte to the 
sporophyte. If a specific kinesin is made in the male gametophyte but not in the 
sporophyte of Marsilea, then it is possible to conclude that the kinesin is necessary 
for events that are restricted to the gametophyte, such as ciliogenesis. Important 
conclusions can also be made about kinesins that are expressed in both the 
gametophyte and sporophyte. This type of analysis would be useful in addressing 
functional questions about many kinesins in Marsilea. For example, comparisons of 
the kinesin family in the Marsilea male gametophyte to Chlamydomonas, 
Physcomitrella, and Arabidopsis added kinesin-4 II and ARK-LIKE to the group of 
kinesins that is restricted to ciliated plants. Heretofore, neither of these kinesins has 
ever been implicated in ciliogenesis. An analysis of the expression of kinesin-4 II and 
ARK-LIKE in Marsilea gametophytes versus sporophytes could provide further 
evidence for the involvement of these kinesins during ciliogenesis.  
Similar to kinesin-4 II and ARK-LIKE, kinesin-‘orphan’ III is only found in 
ciliated organisms (Wickstead and Gull, 2006), but roles for these kinesins during 
ciliogenesis have not been established. In Chapter 3 I show that the knockdown of 
kinesin-‘orphan’ III had little to no effect on the first eight hours of male gametophyte 
development in Marsilea and that ARK-LIKE is required for spermatid 
differentiation. To determine if kinesin-4 II, ARK-LIKE, or -‘orphan’ III are truly 




of development as they are in Chapter 3, but also after they emerge as mature gametes 
from the microspore wall.  
Chapter 3 examines patterns of kinesin transcript abundance and shows how 
changes in abundance correlate with the function of kinesin motor proteins during 
gametophyte development; however, significant questions remain. Why do some 
kinesins have patterns of abundance that are in contrast to their established roles in 
other plants? 50% of the transcripts that encode kinesin-7 I decrease in abundance, a 
pattern reminiscent of kinesins that are involved in mitosis, yet this kinesin has never 
been implicated in mitosis. Instead, in other plants, kinesin-7 I is expressed in 
mitochondria where its function is unknown (Itoh et al., 2001). If kinesin-7 I is also 
expressed in mitochondria in Marsilea, why does this kinesin change in abundance 
during development? Are members of this family involved in the coiling of the 
mitochondria that occurs during spermatid differentiation? More analysis of this 
kinesin and mitochondrial dynamics during gametophyte development is necessary to 
answer these questions. 
Another kinesin cluster worth further study during male gametophyte 
development in Marsilea is the ARK family. ARKs are plant-specific and participate 
in positioning asymmetric division planes through guiding the localization of the 
nucleus  (Malcos and Cyr, 2011; Miki et al., 2015). In Marsilea, transcripts that 
encode ARKa and ARKb increase in abundance during development while ARKc 
transcripts decrease. Knockdowns of ARKc did not produce any discernable defects 
during the first eight hours of development. None of this evidence suggests a 




possible that other motors work together with ARK during this process, potentially 
providing clues about additional motor involvement in division control. Why do two 
of the three ARKs increase in abundance when the only known role for this kinesin is 
during mitosis? Are ARKs also important for the morphological events of 
differentiation and ciliogenesis in Marsilea? It is intriguing to speculate that the role 
of ARKs in nuclear positioning has been shifted to nuclear coil formation during the 
differentiation of spermatids in Marsilea. This would be in line with the increases in 
abundance observed for transcripts that encode ARKa and ARKb. Additional 
knockdown studies are needed to make definitive conclusions. 
The transcript that encodes kinesin-14 VI increases in abundance during 
development and knockdown experiments suggest a role for this kinesin during 
spermatid differentiation. Why is it then that in Arabidopsis kinesin-14 VI is involved 
in PPB formation and memory (Buschmann et al., 2015) during mitosis? This is in 
complete contrast to lack of evidence supporting a mitotic role for kinesin-14 VI in 
Physcomitrella (Miki et al., 2014) and the observed function of kinesin-14 VI during 
spermatid differentiation in Marsilea. Perhaps the answer can be found in 
Chlamydomonas where kinesin-14 VI has dual roles during mitosis and in the 
flagellum, although its exact function is unknown (Dymek et al., 2006). In any case, 
further analysis of kinesin-14 VI in Marsilea is required to reconcile the contrasting 
evidence. Maybe kinesin-14 VI has additional functions in ciliated versus non-ciliated 
organisms? Perhaps the recently discovered ability for kinesin-14 VIb to power 
minus-end microtubule transport in Physcomitrella (Jonsson et al., 2015) is important 




questions about retrograde transport during ciliogenesis in land plants (see Chapter 5 
for details) makes this interesting and a potentially fruitful area of future study. 
 Chapter 4 outlines the function of kinesin-2 and kinesin-9 during ciliogenesis 
in Marsilea and contributes to some of only studies investigating ciliogenesis in land 
plants. I found that kinesin-2 and kinesin-9A have atypical roles in ciliogenesis and 
motility and that kineins-9B is ultimately not required for the formation of motile 
spermatozoids. Many questions remain about why these kinesins with established 
roles in IFT and motility appear to function atypically in Marsilea. Why does 
Marsilea, like Physcomitrella, only produce one kinesin-2? Does this kinesin function 
as a heterotrimer with undetected and possibly divergent partners? Or maybe kinesin-
2 functions in homodimeric complexes, similar to what has been observed in sensory 
cilia. The identification of a Marsilea transcript that encodes a FLA3-like protein, an 
important kinesin-2 associated protein (see Chapter 5 for further details), adds further 
confusion. Homodimeric kinesin-2 does not require an associated protein for IFT. 
Perhaps Marsilea kinesin-2 functions in unique homodimeric complexes that 
associates with the FLA3-homolog identified in the transcriptome. Is this unique 
kinesin-2 complex responsible for the atypical function of kinesin-2 during 
ciliogenesis in Marsilea? Are there other motors associated with anterograde IFT in 
Marsilea? Further biochemical analysis of kinesin-2 and potential binding partners 
plus a more comprehensive study of kinesins with potential roles in ciliogenesis is 
needed. Specifically an investigation of kinesin-13 and kinesin-8 during ciliogenesis 
may be beneficial, as both of these kinesins are important for regulating ciliary length 




In Marsilea, knockdowns of kinesin-9A produced gametophytes with 
disorganized and mis-localized basal bodies leading to spermatozoids that were 
unable to maintain vectoral swimming patterns. How does kinesin-9A regulate basal 
body positioning? What are the mechanisms that control the localization of basal 
bodies during gametophyte development? In Marsilea basal bodies are formed de 
novo from an expansion of the blepharoplast, a specialized centrosome-like organelle 
(Hepler, 1976; Myles and Hepler, 1977). Further studies investigating the localization 
of kinesin-9A and detailed images of basal bodies and axonemes after kinesin-9A 
knockdown in the Marsilea are needed.  
In Chapter 5 I investigate the presence of dynein and the IFT machinery in the 
transcriptome from the male gametophyte of Marsilea. I found that these cells make 
motile cilia without IFT dynein, outer arm dynein, or the BBsome, but that 
ciliogenesis likely is dependent on IFT due to the presence of IFT subcomplex 
proteins. How this occurs is not understood. Functional studies on dynein and IFT 
subcompex proteins in Marsilea are required to determine how these proteins regulate 
motility and ciliogenesis in male gametophytes. Investigations on how IFT occurs 
without IFT dynein and motility without outer arm dynein are necessary to more 
completely understand how de novo ciliogenesis occurs in the specialized cells of an 




Chapter 7: Methods 
 
Microspore harvesting and isolation 
Dry sporocarps were collected from Marsilea vestita sporophytes raised in 
artificial ponds (University of Maryland, Research Greenhouse Complex). 
Microspores were isolated by grinding dry sporocarps in a coffee grinder (Braun) for 
two to three short pulses and separated from smaller and larger debris by passing the 
dry material through a series of calibrated screen- sieves (Hepler, 1976; Deeb et al., 
2010, Van der Weele et al., 2007).  
Culturing gametophytes 
Four milligrams of microspores were cultured in 1ml commercial spring water 
(Deer Park) for one hour at 20°C with rotational shaking in 2ml tubes. A pushpin was 
used to make 5 small holes in the top and 3 small holes on the side of the tube. 
Gametophytes were then transferred to 50ml Erlenmeyer flasks containing an 
additional 9ml of spring water, bringing the total to 10ml spring water. Flasks were 
covered with aluminum foil and cultured with rotational shaking at 20°C (Hepler 
1976; Hart and Wolniak, 1999; Klink and Wolniak, 2001; Tsai and Wolniak, 2001; 
Deeb et al., 2010) for the desired amount of time, typically for 1-2, 3-5, or 6-8 hours. 
Poly(A+)-RNA isolation 
Microspores were isolated from the 50ml flasks (as described above) by 




tube for 3-5 minutes to pellet the microspores. As much spring water as possible was 
removed carefully with a micropipette. Poly(A+)-RNA was isolated using the 
magnetic bead kit (New England BioLabs magnetic mRNA Isolation Kit cat # 
S1550S) according to protocols defined by the manufacturer. Isolated RNA was used 
immediately in downstream applications or flash-frozen with liquid nitrogen in 6ul 
aliquots and stored at -80°C for future use. 
Transcriptome assembly 
A reference transcriptome was assembled for the gametophyte using 
poly(A+)-RNA that was isolated from gametophytes that developed for 1-2, 3-5, or 6-
8 h. Poly(A+)-RNA isolates were prepared for sequencing with the Illumina TruSeq 
RNA Sample Preparation Kit, using the manufacturer’s low-throughput protocols. 
The fragments were sequenced with an Illumina HiSeq 2000 instrument that was set 
up for paired-end, 100-base sequencing of multiplexed samples. Sequencing was 
conducted by the IBBR sequencing core (www.ibbr.umd.edu/facilities/sequencing). 
Deconvolved RNAseq read fastq files were filtered for quality prior to transcriptome 
assembly. The transcriptome was assembled de novo, using several successive 
versions of Trinity (Grabherr et al., 2011). Later versions of the application produced 
a database with lower noise. The reference was annotated using Trinotate 
(http://trinotate.github.io), which employs BLAST with the swiss-prot/uniprot, 
uniref90, and pfam databases. Sequences were mapped from each time-isolate (three 
replicates) to the combined reference using the Tuxedo suite (Tophat, Bowtie and 
Cufflinks: Trapnell et al., 2009; 2010), which provided FPKM measures of relative 




enabled abundance comparisons between time intervals (see below). Gene Ontology 
analyses (Blast2GO: Ashburner et al., 2010) show patterns of transcript enrichment 
for cell components and functions during different phases of development.  
Identifying kinesin-like sequences from the transcriptome  
127 kinesin-like sequences were identified in the assembled transcriptome 
using RPS-BLAST against the conserved kinesin motor domain (PF00225) (Table 2-
1). Blastn was then used to compare the remaining sequences to each other. Many of 
the remaining sequences were identical except for small regions and are likely 
different isoforms of the same transcript (example c26633_g1_i1 and c26633_g1_i2). 
After eliminating all sequences with partial motor domains, there were 56 unique 
kinesin transcripts remaining (Table 2-2). 
Phylogenetic analysis of the kinesin family in Marsilea 
For phylogenetic comparison all kinesin sequences in Marsilea, Arabidopsis 
(http://arabidopsis.org), Physcomitrella (www.cosmoss.org, version 1.6) and from 
representative members of each kinesin family in Humans (www.ncbi.nlm.nih.gov) 
were collected. Accession numbers for these sequences can be found in Chapter 1. 
Each kinesin sequence was translated using the ExPASy Translate Tool 
(http://web.expasy.org/translate/) and the largest continuous open reading was used 
for analysis. Kinesin motor domains were extracted through comparison to the 
conserved kinesin motor domain (PF00225) and by using the NCBI Conserved 
Domain Search engine (hwww.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Motor 




et al., 2013) and a multiple sequence alignment was generated using the ClustalW 
default parameters (Appendix I-1). Maximum likelihood (ML) phylogenetic trees 
were built using the Genetic Algorithm for Rapid Likelihood Inference (GARLI) web 
service (www.molecularevolution.org, Bazinet et al., 2014). Trees were generated 
using a fast ML stepwise-addition algorithm and 430 attachment branches were 
evaluated for each taxon. The parameters used were as follows: rate matrix-LG, state 
frequencies-estimate, proportion of invariable sites-estimate, rate heterogeneity 
model-gamma distribution, number of rate categories-4. Bootstrap analysis was done 
at 1000 replicates and bootstrap values are shown at each node. Phylogenetic trees 
were then viewed using FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and 
colored manually according to family with midpoint rooting.  
Kinesin-1 phylogeny  
Sequences for previously identified kinesin-1, ARK, ARK-LIKE, and 
‘orphan’ kinesins were obtained using NCBI, Phytozome, and Cosmoss databases 
from Marsilea, Chlamydomonas, Physcomitrella, and Arabidopsis. The motor 
domain from each sequence was identified using the NCBI Conserved Domain 
Database and isolated for analysis. Kinesin motor domain alignments (Appendix I-2) 
and the corresponding phylogenetic tree was built as previously described above with 
50 attachment branches evaluated for each taxon.  
Transcript abundance  
The Bioconductor package edgeR (Robinson et al., 2010) was used to 




Changes in transcript abundance were calculated between the 1-2 and 3-5h, 3-5 and 
6-8h, and 1-2 to 6-8h time interval samples. Changes in abundance are represented as 
the log2 of the fold-change (logFC) between two time intervals. Significant changes 
in abundance were determined by considering transcripts with a false discovery rate 
(FDR) value of less than 0.05 that exhibited more than a two fold change in 
abundance (-1.0 < logFC > 1.0) between two time intervals. Transcripts that encode 
kinesin-like proteins were then isolated from this dataset and compared. 
Identifying kinesin-2 and kinesin-9 sequences in Marsilea 
Kinesin-2 and kinesin-9 sequences were identified by searching the 
gametophyte transcriptome with kinesin-2 and kinesin-9 sequences from 
Physcomitrella (Phypa_425592, Phypa_425498, Phypa_458410, Phypa_428375) and 
Chlamydomonas (CrFLA8, CrFLA10, CrKLP1, CrKIF9b). Stand-alone BLAST 
against the transcriptome database was used for the analysis. A maximum e-value of 
1E-100 was used to yield the best possible matches and avoid identifying kinesins 
unrelated to kinesin-2 and -9 in the search.  
MvKinesin-2 and MvKinesin-9 phylogeny 
Sequences for previously analyzed kinesin-2 and kinesin-9 family members 
were obtained using NCBI, Phytozome, and Cosmoss databases. The motor domain 
from each sequence was identified using the NCBI Conserved Domain Database and 
isolated for analysis. Kinesin-2 (Appendix I-3) and kinesin-9 motor domain 




previously described above with 50 attachment branches evaluated for each taxon. 
For each tree, kinesin-1 was used as an out-group for comparative analysis.  
Primers  
Primers for these studies were generated using the gametophyte transcriptome 
in order to perform RT-PCR and to make dsRNA (Appendix I-12). Unique sequences 
in each kinesins were chosen. 
Reverse transcription polymerase chain reaction (RT-PCR) 
Reverse transcription reactions were conducted using isolated polyA+RNA 
and AMV RT enzyme (New England Biolabs) according to manufacture instructions. 
PCR was carried out using 10ul containing 1ng of cDNA from each RT reaction and 
amplified using Taq polymerase (New England Biolabs) for 30 cycles. RT-PCR 
products were run on a 1.5% TAE agarose gel and visualized using GRgreen 
(BioLabo Scientific Instruments) and UV light.  
RNA interference (RNAi) 
dsRNA was generated and RNAi was performed as previously described 
(Deeb et al., 2010). Starting material for dsRNA construct generation was made by 
RT-PCR amplification of specific targets using gene specific primers with T7 
promoter sequences at their extreme 5’ ends. After RT-PCR dsRNA constructs were 
made as in Klink and Wolniak, 2001. The quality and quantity of dsRNA was 
analyzed by spectrophotometry and gel electrophoresis. RNAi was performed by 
adding 50-100ug dsRNA to the microspores upon hydration with 1ml of spring water 




hour, gametophytes were transferred to 50ml flasks containing a total of 10ml spring 
water and cultured with rotational shaking at 20°C.  
Fixing, embedding, and sectioning microspores 
At the time of analysis, gametophytes were fixed with 4% paraformaldehyde, 
embedded in methacrylate, and sectioned as previously described (Hepler, 1976; Hart 
and Wolniak, 1999).  
Gametophyte staining with toluidine blue o (TBO) 
Toluidine Blue O (TBO) staining was performed on sectioned material and 
observed with bright field microscopy as previously described (O'Brien and McCully, 
1981, Baskin and Wilson, 1997; van der Weele et al., 2007). For all images, 
thousands of microspores are treated, sectioned, and viewed. About 100 microspores 
were imaged for each treatment and dominant defects in development were 
determined by counting the incidence of each phenocopy after knockdown.  
Immunofluorescence 
Primary antibodies used in this study were as follows: mouse anti-alpha-
tubulin (Calbiochem Cat# CP06) used diluted 1:100 and mouse anti-Centrin clone 
20H5 (Millipore 04-1624) diluted 1:200. Secondary antibodies used in this study 
were Alexa Fluor goat anti-rabbit 594 and Alexa Fluor goat anti-mouse 594 
(Molecular Probes cat# A11012 and A11005 respectively) both diluted 1:1000 in 
PBST. DAPI was diluted in PBS and used at a final concentration of 2.5 μg/ml. 
Samples were placed in a humid chamber and incubated with DAPI for the final 10 




treatment. Each experiments was conducted at minimum in duplicate.  
Fluorescence microscopy  
All widefield fluorescence microscopy was performed with a Zeiss Axioscope 
equipped with standard Fluorescein, TexasRed and UV filter sets. Confocal 
microscopy was performed on a Zeiss LSM700 using Zen 2009 software. 
Subsequently, .lsm stacks were exported into ImageJ 1.44k and rendered as 3D 
models using the ImageJ 3D Viewer plugin.  
Analyzing Spermatozoid Swimming Behavior 
Gametophytes were allowed to develop for 10.5 – 16 hours and viewed by 
placing several drops of culture media containing emerging and fully developed 
spermatozoids in a shallow dish with a coverslip for a bottom. Spermatozoids were 
analyzed using differential interference contrast (DIC) microscopy with a Zeiss 
Axiovert 135 TV microscope. Movies were taken with a PIKE F032B monochrome 
camera (Allied Vision Technology) using StreamPix software at 30 frames per 
second. Movie files were converted to .mov format. Still frames from movies were 
captured and converted into tiff format for analysis.  
Visualizing Whole Spermatozoids 
Spermatozoids were viewed by transferring a drop of the culture media at 11 
hours to a glass microscope slide. A drop of 4% PFA was added to fix the 
spermatozoids rapidly. A coverslip was then placed on top of the drop containing 
spermatozoids, culture media, and PFA. To prevent crushing fully developed 




Vaseline. Spermatozoids were then visualized using DIC microscopy.   
Identifying dynein heavy chain sequences in the transcriptome  
Seven full-length dynein heavy chain sequences were identified in the 
assembled transcriptome using RPS-BLAST against the conserved kinesin motor 
domain (PF03028). Blastn comparisons of the sequences to each other showed that all 
sequences were unique. 
Identifying additional dynein heavy chain sequences 
To find additional dynein-like sequences, stand-alone blast was used to search 
the Marsilea transcriptome against well-represented dynein sequences in 
Chlamydomonas. Several sequence fragments with low similarly to IFT dynein were 
found. Using blastn, these sequences were then compared to the entire transcriptome 
to search for the presence of larger contigs with similarity to the identified fragments. 
This search proved that all the sequence fragments were unique and that transcripts 
that encode IFT dynein and unlikely to exist in Marsilea. 
Phylogenetic analysis of dyneins in Marsilea compared to Chlamydomonas 
Sequences for Chlamydomonas dynein heavy chains were obtained using 
NCBI and Phytozome databases. The phylogenetic trees for dynein heavy chains 
were built by importing the sequence files into MEGA (Tamura et al., 2013) and 
multiple sequence alignments were generated using the ClustalW default parameters 
along the length of each dynein (Appendix I-13). The phylogenetic trees as built as 




previously described, the phylogenetic tree was viewed using FigTree and colored 
manually according to family 
Searching for IFT protein homologs in Marsilea 
To find homologs of IFT proteins (FLA3, IFT-A subcomplex, IFT-B 
subcomplex, and BBsome) in Marsilea, stand-alone blast was used to search the 
Marsilea transcriptome against well-represented members of these protein families in 
Chlamydomonas. A maximum e-value of 1E-10 was used to yield the best possible 
matches, while still isolating divergent homologs. 
Sequence information 
Accession numbers for all sequences used for phylogenetic analysis and 
searches are included within this dissertation. The accession number for MvCentrin is 
U92973 and sequence information is available from the National Center for 









Multiple sequence alignment (MSA) of kinesin motor domains used to construct a 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































MSA of kinesin-1, ARK-LIKE, ‘orphan’-I, and ‘orphan’-IV sequences in 
Arabidopsis, Marsilea, Selaginella, Physcomitrella, and Chlamydomonas used to 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Video 1: control spermatozoids emerging from the microspore. (MOV 4.03 MB) 
Appendix I-6 
Video 2: control spermatozoids exhibiting normal swimming behavior by spinning in 
place. (MOV 3.20 MB) 
Appendix I-7 
Video 3: MvKinesin-2 knockdowns emerging from the microspore. (MOV 5.04 MB) 
Appendix I-8 
Video 4: MvKinesin-2 knockdowns swimming in place exhibiting multiple coils with 
attached cilia on one cell body (Monster). (MOV 4.01 MB) 
Appendix I-9 
Video 5: MvKinesin-2 knockdowns swimming in place exhibiting long cilia 
(Rapunzel). (MOV 4.42 MB) 
Appendix I-10 
Video 6: MvKinesin-9A knockdowns swimming erratically. (MOV 4.09 MB) 
Appendix I-11 
Video 7: MvKinesin-9B knockdowns swimming in a similar manner to control 





Primers used for (A) RT-PCR and for (B) the production of dsRNA.  
A 





MvKinesin-12 II Sequence (5'->3') 
Forward primer GGAAACCGCTCTTACTATCC 
Reverse primer GTTGAGCTTCCTCTTAGTGT 










MvKinesin-13c Sequence (5'->3') 
Forward primer CACTCCCACAGTTCAGAAACC 
Reverse primer GTCCGTTGCCGTGTTGA 





MvARKc Sequence (5'->3') 
Forward primer GCAATGCTTGTGGTTAATGT 
Reverse primer TTAGCCTCGTCTAGTGAAGA 













MvKinesin-2 Sequence (5'->3') 
Forward primer AAATCAAGAATCCGAGCCAA 
Reverse primer ATTTCAGTCCTTAGAGCAGC 
MvKinesin-9A Sequence (5'->3') 
Forward primer GTAGGAGTGGGAGATGAGAA 
Reverse primer AAGTTGCTCTTGTTCGTGTA 
MvKinesin-9B Sequence (5'->3') 
Forward primer TGTCCAGCAAATTAGAACGA 
Reverse primer CTAGGAGTAGGAGCCGATAA 
MvCentrin Sequence (5'->3') 
Forward primer AGGCCTGAGTGAGGAACAGAAACA 
Reverse primer TCCTTTGCATCAATGGTGCCTGAC 
 
B 
MvKinesin-4 Ic Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGATTCGAGAGGGAGGGTCATT 
Reverse primer TAATACGACTCACTATAGGGAGGTGGCTTAGTGTTTGTTGTC 
MvKinesin-12 II Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGGGAAACCGCTCTTACTATCC 
Reverse primer TAATACGACTCACTATAGGGGTTGAGCTTCCTCTTAGTGT 
MvKinesin-13a Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGTTTACCATCACCTGAACTTCG 
Reverse primer TAATACGACTCACTATAGGGCTCATTGGACTGTTCTCATTGT 




Forward primer TAATACGACTCACTATAGGGCAACACCACCTCCTACAATCTC  
Reverse primer TAATACGACTCACTATAGGGGAAACACTGTCCCTGACACTAA  
MvKinesin-13c Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGGTAGCCAAGGGACCACATAAG 
Reverse primer TAATACGACTCACTATAGGGATTCTCCTCTTGCCATTCGTC 
MvKinesin-14 VIa Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGGAGGGGTACATTTCTTCCGT  
Reverse primer TAATACGACTCACTATAGGGAGGTGGCTTAGTGTTTGTTGTC  
MvARKc Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGTTAGCCTCGTCTAGTGAAGA 
Reverse primer TAATACGACTCACTATAGGGTTAGCCTCGTCTAGTGAAGA 





MvKinesinOrphan III Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGAAATCTATTCCTTCGGCTCC  
Reverse primer TAATACGACTCACTATAGGGAATTTGGGCTATCTGGAAGG  
MvKinesin-2 Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGAAATCAAGAATCCGAGCCAA 
Reverse primer TAATACGACTCACTATAGGGATTTCAGTCCTTAGAGCAGC 
MvKinesin-9A Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGGTAGGAGTGGGAGATGAGAA 
Reverse primer TAATACGACTCACTATAGGGAAGTTGCTCTTGTTCGTGTA 
MvKinesin-9B Sequence (5'->3') 
Forward primer TAATACGACTCACTATAGGGTGTCCAGCAAATTAGAACGA 
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